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MODELLING AND CONTROL OF RANGE EXTENDER VEHICLES  
ABSTRACT 
In recent years increasing welfare of the people also increased vehicles being 
actively used, since very limited fossil based fuels are used to power the vehicles, the 
cost of fuel and emissions rose up to very high numbers. Due to this reason a 
requirement of alternative power sources was born where several application have 
been developed but only the electrical sourced vehicles end as a storing alternative. 
Being impossible to switch immediately from fossil fuel driven type of vehicle to an 
electrical driven one due to immaturity of the technology, infrastructure being 
insufficient and mainly due to the peoples resistance to the changes, a transition 
period that combines both conventional engines and new electrical motors is 
necessary. 
Introduction of two different motor types in the vehicle created a requirement of 
complex control functions to join the output powers and safety on-board. In addition, 
different approach of already available control structures for motors independently 
but at the same time, the overall efficiency is required to increase in order to make a 
good alternative to the conventional vehicle for people. 
In this work, the units required for a range extender vehicle are studied and their 
models have been developed. Finally units are combined to form a complete range 
extender vehicle on which control functions to transfer drivers demand to the traction 
motor at various conditions and a control approach that tries to operate internal 
combustion engine both optimally performance wise and consumption wise while 
preventing battery from being degraded fast is developed and related simulations 
have been performed. 
   xxii 
   xxiii
RANGE EXTENDER ARAÇLARIN MODELLENMESĐ VE KONTROLÜ 
ÖZET 
Son yıllarda inanların artan refahı beraberinde arabaların da daha aktif olarak 
kullanılmasını artırmış ve bu araçlar da sınırlı miktarda kaynağı bulunan fosil köklü 
yakıt ile çalıştırılmasından dolayı yakıt fiyatları ve emisyonlar yüksek değerlere 
ulaştı. Bu nedenden ötürü alternatif güç kaynakları için ihtiyaç doğdu. Bu ihtiyacı 
gidermek için birçok uygulama geliştirildi ancak sadece elektrik kaynaklı araçlar 
güçlü bir alternatif olarak karşıya çıkmaktadır. Elektrikli araçlar teknolojisinin daha 
gelişim aşamasında olmasından, elektrik dağıtım altyapısının yetersizliği ve 
insanların değişikliğe karşı olan direncinden dolayı fosil yakıt ile çalışan araçlardan 
elektrikli araçlara ani bir geçiş imkansızdır, bunun için de konvansiyonel 
motorlardan ve elektrikli motorları bir arada kullanan geçiş dönemi gereklidir. 
Araçlara iki farklı motor tipinin yerleştirilmesi motorların çıkışlarını birleştirecek 
yeni karışık kontrol fonksiyonlarının geliştirilmesi, güvenlik ve motorlar için 
bulunan mevcut kontrol fonksiyonlarının yeniden ele alınmasını gerektirmiş, aynı 
zamanda insanların dikkatini çekebilmek için konvansiyonel araçlar için iyi bir 
alternatif olması için toplam çıkış verimliliğinin daha yüksek olması gerekmektedir. 
Bu çalışmada, range exteneder araç için gerekli birimler incelenmiş ve modelleri 
geliştirilmiştir. Birimler bir araya getirilip bütün bir range extender araç elde 
edilmesi ile sürücünün isteklerini tahrik motoruna farklı koşullarda ileten kontrol 
fonksiyonları ve içten yanmalı motoru hem performans hem de tüketim bakımından 
optimum şekilde çalıştırırken bataryanın hızlı bir şekilde kapasite değerinin 
düşmesini engelleyecek kontrol fonksiyonları geliştirilmiş ve simülasyonları 
yapılmıştır. 
 
   xxiv 
  1 
1.  INTRODUCTION 
Increasing welfare of the human being also increased the number of personal 
vehicles and hence the fossil based fuel consumption increased, that has negative 
effects on global warming. With increased fuel consumption the rate of resources 
draining also increased tremendously that are already very limited and with the 
merging of the political issues of the countries owning petroleum reserves, the cost 
of the fuel rose to 500% compared to five years before  [1]. All these developments 
emerged a new requirement of alternative power source propelled vehicles to the 
fossil fuel propelled ones.  
There are already several studies on the alternative power sources but considering 
required infrastructure and investment, electric power driven vehicles are the most 
outstanding one. They still have electric power deposition problem that results in low 
range and long charging times as a big barrier preventing them from being wide 
spread. Combining the limitations of current electric vehicles and petroleum prices 
an alternative approach merging both power sources that has already been available 
as hybrid vehicle is revoked as the range extender vehicle. Range Extender differs 
from conventional hybrid vehicles with its downsized internal combustion engine 
and battery size, aiming to reduce fuel consumption of the average drivers with 
passenger vehicles by using vehicle in full electric mode unless its battery is 
discharged and for the demands exceeding battery capacity use the internal 
combustion engine to support the battery. 
As in all applications a control algorithm and its appropriate optimization is required 
to obtain best efficiency i.e. in range extender vehicle operating internal combustion 
engine as little as possible and get best millage that is the best economy but also keep 
powertrain units from degrading.  
In thesis it is aimed to gain range extender vehicle’s units understanding and hence 
develop their models that are to work in conjunction with other developed units as 
whole in complete model. Finally a control approach is proposed to drive range 
extender vehicle and its parameters are optimized according to NEDC drive cycle. 
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1.1 Background 
Both theoretically and practically it is well known that gasoline internal combustion 
engines (ICE) are better performance wise while diesel ICE’s are more efficient, but 
being more efficient they also have worse/harmful emissions compared to gasoline 
ones. Latest technological advancements like exhaust gas recirculation (EGR) turbo 
chargers, diesel oxidation catalyst (DOC) and selective catalytic redactor (SCR) like 
after treatment systems brought the diesel engines close to regular (non sport) 
gasoline ones while preserving their efficiencies  [2]. However, with increased 
welfare of people, it resulted in increasing demand for petroleum/energy, on the 
other side reducing amounts of resources and increasing cost of fossil fuel mining, 
the need for even more efficient vehicles emerged in the market. These economical 
needs resulted in alternative power driven vehicles like hydrogen, solar and electric 
vehicles [3].  Figure 1.1 
 
Figure 1.1 : Towards best performance/efficiency.  
The hydrogen vehicles being very efficient still require very complex control and 
monitoring systems along with an infrastructure for charging. While solar power 
vehicles require a sun that is not available in whole world through out the year 
additionally the efficiency of the solar cells have not reached yet a required level of 
maturity.  
Gasoline 
Diesel 
Hybrid 
Electric 
Vehicle 
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The latest option is the electricity driven vehicles, actually, the first appearance of 
electric vehicles is around early 1900s, but due to efficiency at the time and initial 
cost issues as well as related technology insufficiencies, the mass production was 
limited to around 1000 to 2000 vehicles a year. In 1929 with stock market crash and 
improvements in internal combustion engines, the electric vehicle business stopped 
until 1990s. Today it has an advantage of electricity infrastructure being available 
through out the world, is efficient but still has energy storage problem.  
For an electric vehicle, there are two ways of getting the power; 
 using transmission lines (e.g. tram)  
 storing energy onboard (battery) 
It is obvious that transmission lines being most efficient solution are both infeasible 
and illogical. While storing energy on board requires a battery. Battery efficiencies 
and costs are measured in kg per kilowatt hour (kg/kWh) unit meaning the weight of 
the pack for obtaining one unit of power, today that unit is still very high compared 
to ICE powered commercial passenger vehicles. Moreover, the bigger the battery 
pack the long longer charging times are required. So considering the battery prices 
size optimization shall be performed according to needs.  
Today fossil-fuelled average passenger vehicle has around 800km range, to have 
similar/comparable range in an electric vehicle following calculation might be done 
by employing diesel that is more efficient than the gasoline; 
 Diesel volumetric efficiency = 38.6 MJ/L at well  [4] 
o Well to tank efficiency ~ 88% 
o Internal combustion engine efficiency ~ 30% 
o Powertrain efficiency ~ 85% 
 Well to wheel efficiency ~ 88% × 30% × 85% = 22.5% 
 Diesel efficiency to wheels ~ 22.5% × 38.6MJ/L = 8.66MJ/L 
 Average fuel consumption of a passenger vehicle ~6l/100km  
 Equivalent energy need 6L/100km × 8.66MJ/L ~ 51.97 MJ/100km 
 3.6MJ = 1kWh (energy to power) → 51.97MJ/100km ~ 14.4kWh/100km 
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So an average passenger vehicle requires 14.4kWh/100km of usable energy to 
propagate an average passenger vehicle 100 km. If it is desired to have the same 
range as on the fossil fuel powered passenger vehicle, required usable energy is 
found to be 115kWh. Considering today’s battery technology where batteries are 
operated safely between 30% and 90% level of state of charge (SOC), the usable 
60% SOC band translates to 192kWh battery pack required for diesel equivalent 
vehicle. When this study was made the most advanced range extended electric 
vehicle was Chevy Volt with 16kWh battery pack weighting 198.1 kg. In terms of 
kg/kWh unit it corresponds to 12.4 kg/kWh, if the same battery is used for 800km 
range the required battery pack weight would match up to a 2300kg, without adding 
the energy need between initial regular passenger vehicle 1300kg and new battery 
loaded vehicle 3600kg! 
Obviously, the resulting battery weight is not feasible and in order to achieve same 
ranges as in conventional passenger vehicle either alternative battery chemistries 
shall be found or alternative approaches such as utilizing smaller batteries and 
generate power on board to prolong range. For the development and application of 
new battery technology, investment and time are required. Hence alternative 
approach such as generating power on board shall be employed with current 
technology in order to achieve higher ranges. Using already available internal 
combustion engines for power generation corresponds to hybrid electric vehicles, but 
their complexities and costs created a requirement of simpler and lower-cost 
applications, namely range-extender. Range extenders utilize small internal 
combustion engines and batteries that are cost effective while providing drivers with 
the performance of conventional vehicles. 
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2.  LITERATURE REVIEW OF HYBRID ELECTRICAL VEHICLES 
2.1 Objectives 
There are mainly four different approaches in hybrid vehicles accepted by the 
industry, which are parallel, series, series-parallel and range-extender structure that is 
indeed a series hybrid structure. Each of these structures has its own advantage and 
disadvantages that are discussed in the related chapters. 
2.2 Parallel Structure 
The parallel structure, seen in the  Figure 2.1, uses both electric motor and internal 
combustion engine as a source of traction. Both machines can be operated together or 
disengage one and just use one of the machines to provide traction force. The transfer 
of power is done via a gearbox that combines torque output of ICE and electric 
motor. The difficulty with parallel structure is ICE’s have limited operating range of 
around 1000 – 5000RPM resulting in the requirement of several number of gears to 
be able to transfer ICE output torque to the tire, while electric machines can be 
operated at very wide range of speeds with high torque output. Such complex 
combination of power sources requires automatic complex transmission that can both 
handle torque transfer without oscillations and provide driver with pleasant drive. 
 
Figure 2.1 : Parallel hybrid structure.  
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Electrical power flow comes to tires over an electric motor from battery and during 
braking goes in reverse direction, since tires and electrical motor are mechanically 
coupled only chance to improve efficiency is improving the inverter which already 
operates at very high efficiencies. On the mechanical side power, transfer might be 
considered as in a conventional vehicle. So in this type of structure electric machine 
and internal combustion engine are required to deliver requested power. Control wise 
this structure can be optimized to chose between the power sources and less room is 
available for electrical optimization. This approach is more interesting for 
mechanical engineers since the main task is to design and build transmission to 
handle the requested torque and keep oscillations as small as possible at the instants 
of source switching. 
2.3 Series Structure 
The second approach is to disengage combustion engine from the traction motor and 
use it as charger for the battery while traction is completely done by the electric 
motor as can be seen in the  Figure 2.2. 
 
Figure 2.2 : Series hybrid structure.  
By this approach, it is possible to operate combustion engine in the most efficient 
operating region, where the best output power for unit amount of fuel is obtained, but 
has a drawback that it requires an additional electric machine to convert mechanical 
energy from ICE to electrical and store it in the battery. Through out the conversion 
of energy, efficiency is reduced but considering the efficiencies of electrical 
components, which are as high as around 95% and ability to operate ICE in optimum 
region these losses can be ignored. In series hybrid structure, having units that are 
connected electrically has the great advantage giving a chance of optimizing and 
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controlling devices in wider region and hence is more interesting topic for the 
electrical engineers. 
2.4 Series-Parallel Structure 
Series-Parallel or in other words two-mode hybrid structure has the advantages and 
difficulties of both structures but has an opportunity for even wider range of 
optimizations and control compared to series hybrid. The connection diagram is 
available in  Figure 2.3 where high complexity is immediately noticed. Structure 
being very complex and still requiring additional space for an additional electric 
machine reduces the popularity in the market among the end users ant for this reason 
will not be studied. 
 
Figure 2.3 : Series-Parallel hybrid structure.  
Having studied shown three structures the most outstanding structure is series hybrid 
since it provides chance to implement control and optimization algorithms and 
observe the results in easiest way. Comparing the structure with more complex 
series-parallel, series structure still provides higher amount of space since needed 
power split unit is even more complex compared to parallel structure and requires the 
additional electric motor. Taking these issues into account the chosen structure is the 
series hybrid for control and optimization algorithm development. 
2.5 Range Extender Structure 
In series hybrid vehicle the topology is clear; there is an internal combustion engine 
with task to charge the battery over a generator electric motor which converts 
mechanical power to electrical power. The power stored in the battery is used over a 
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traction electric motor to propagate vehicle, a part that can be considered as a full 
electric vehicle.  
As stated in previous part the series hybrid vehicle has the problem of having two 
electric motors and combustion engine that requires space, so to reduce required 
space down sizing of combustion engine and a generating electric motor is done.  
The minimum acceptable range by the drivers can be considered to be around 
150km, but even reducing range from 800km to 150km will end up with the battery 
pack of 450kg which is still high. Yet if vehicle is to be full electric, implying 
removal of internal combustion engine and its peripherals weighting ~200kg, there is 
still large load due to battery and reduced range. The heavier the vehicle is, the more 
power will be required to move it, but even if this weight is to be accepted, the long 
trips over 150km are still a big problem, i.e. drivers would either have to stop and 
charge battery every 150km, which lasts around ~4 hours. So apparently, battery size 
has to be even further reduced! 
According to data obtained from National Household Travel Survey (NHTS) daily 
average vehicle trip length in 2009 is around 35km,  Figure 2.4, so with the addition 
of safety band assuming that an average daily trip is around 50 km, battery weight 
reduces to 150kg. This weight is acceptable both cost and range wise, for trips 
exceeding the battery capacity internal combustion engine is employed to supply 
needed power to battery and hence avoiding drivers range anxiety. 
Average Vehicle Trip Length
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Figure 2.4 : Average vehicle trip length according to NHTS.  
Range extender has the advantage that it has considerably reduced the battery and 
combustion engine keeping the vehicle average weight same and eliminate range 
anxiety while still operating smaller internal combustion engine in an optimum 
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region. But range extenders are unable to remove the dependency on fossil fuels and 
has the emissions sifted to power plants. Even though emissions are shifted to power 
plants since the power is produced massively, the efficiency in producing electricity 
improves and the emission amount per vehicle reduces considerably. 
Combining the requirements arising from the people due to increasing cost of fuel, 
limited infrastructure of power distribution systems to support charging of electrical 
vehicles and the electrical vehicle efficiencies, which seems as the ultimate 
technology currently available, the range extender structure is the most appropriate 
solution. Range extender fills the gap between the technological differences that is 
hard to accept by people, reducing the actual cost spent for traveling as an advantage 
and allowing electrical infrastructure to come to a more mature state where it can 
support full electrical vehicles. 
Range extender structure today being the most suitable form of transition to full 
electrical vehicles, since electric vehicle is already a part of the range extenders, 
giving opportunity of gathering the knowledge in advance that will create basis for 
future works, technology being accepted by people and due to being subject that is 
mostly electrical control,  the range extender vehicle is studied in this work. 
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3.  UNITS AND MODELING  
3.1 Objectives 
In this chapter, super capacitor, battery, electric motor that operates both as generator 
and motor, internal combustion engine, vehicle and a driver, that are fundamental 
units to the range extender vehicle are explained and their models are presented. The 
models are developed to work in conjunction with their preceding and pursuing units 
and control signals are generated from a main controller that calculates necessary 
signals by observing all units states. 
3.2 Super Capacitor 
Recent researches on super capacitors brought their power densities even to better 
state then some of commercially available chemical batteries. They are theoretically 
prone to unlimited charge discharge cycles, have very low internal impedance and 
chargeable with rapid currents. Since capacitors operate linearly as they discharge 
their potential reduces linearly that reduces the bus voltage dramatically even below 
loads minimum operation potential making them unable to use their full energy 
spectrum, their self-discharge rate is also very high compared regular batteries.  
Considering improvements made on super capacitors, they might be considered 
future replacement for today’s batteries but it should not be forgotten that their 
operation purpose is not same with batteries. Batteries are designed to deliver 
constant power for a defined period while capacitors operate with current peaks. 
Considering super capacitors ability to capture and deliver instant peak currents, their 
use is suggested in electric vehicles at sudden power requirements and as charge 
capturing devices at breaking instants to prevent battery from aging earlier due to 
dense charge and discharge cycles during driving  [5].  
The high cost and weight of super capacitors is the main reason that electric vehicle 
suppliers are not providing them in their vehicles. Considering the cost issue and 
today’s batteries ability to provide required energy and power through vehicles 
operation life a super capacitor is not considered in the vehicle modeling and 
controlling. 
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3.3 Battery 
3.3.1 Introduction 
Battery characteristics are compared according to their charge storing capacity in 
ampere hour unit (Ah) and the ability to deliver the stored capacity to the operating 
device (in watts/hour unit) i.e. electric motor. While some chemistries have very 
good specific energy (Wh/kg) they lack the ability to deliver this energy in desired 
time interval i.e. low specific power and vice versa, this phenomenon depends on the 
applied chemistry and physical properties of electrodes. The aim is to find the 
chemistry that will fit the requirements of the battery that is able to provide desired 
amount of power for the desired amount of time. Chemistry is the most important 
phenomenon of the battery but physical sizes of the electrodes has also very immense 
effect on the resultant battery being high power or high energy. High power battery 
electrodes have thinner and smaller electrodes resulting in high current flows and 
less voltage drop due to smaller inner resistance, this property allows battery to 
deliver its capacity in shorter time while high energy batteries that are able to provide 
smaller current for longer time are bigger both in size and thickness. The  Table 3.1 : 
shows some common used battery chemistries and their specs  [6]. 
Specific 
Energy 
Specific 
Power 
  
Cell 
Voltage 
[V] 
Specific 
Capacity 
[mAh/g] [MJ/kg] [Wh/kg] [W/kg] 
NiCd 1.2  0.140 39 150 
Lead Acid 2.1  0.140 39 180 
NiMH 1.2  0.360 100 1000 
NiZn 1.6  0.360 100 900 
LiCoO2  3.7 140 1.865 518  
LiMn2O4  4 100 1.440 400  
LiNiO2  3.5 180 2.268 630  
LiFePO4  3.3 150 1.782 495  L
i-I
o
n
 
Li2FePO4F  3.6 115 1.490 414  
(J. Aksen et. Al. 2008) another available battery is molten salt batteries composed of 
NaNiCl chemistry also called zebra batteries. They have an energy density similar to 
LiFePO4 but consist of lower cost materials. However having high energy and power 
output that makes them sound a good fit for hybrid applications, their operating 
temperature is around 350°C, this temperature barrier makes thermal management 
Table 3.1 : Battery chemistries and corresponding energy capacities. 
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very difficult and introduces complications in the system. Due to that reason, they are 
still in the research phases and will not be considered in this work.  
From the available types in the table NiCd batteries are commonly used as small 
rechargeable batteries, since they are inexpensive and can withstand high discharge 
rates. However, they have the disadvantage that they have relatively small output 
voltage that results in requirement in lots of cells, also they suffer from the memory 
effect that is undesirable especially when combining several cells and uses harmful 
element cadmium.  
Another type is lead acid batteries; they already have been employed in automotive 
industry for over half a century. They have moderate energy densities and do not 
suffer from memory effect but have a risk of capacity loss at high discharge rates.  
NiMH type batteries have already been employed as a driving source in micro hybrid 
vehicles; they have higher energy capacity compared to previously chosen types, less 
prone to memory effects and are environment friendly but has short service life, 
around ~300 deep discharge cycles and limited discharge current resulting from short 
service life.  
NiZn batteries seem to be a good replacement for NiMH batteries since they have 
similar characteristics, with NiZn having higher nominal voltage and are easily 
recycled. However, they have still small cell voltage for hybrid applications while 
they might be considered for replacing lead acid batteries if the cost of zinc is 
reduced to lead levels.  
Currently the most promising available battery technology is the lithium ion based 
compositions. There are also lithium metal based batteries available but inherent 
instability of the lithium metal especially during charging researches are shifted to 
non-metallic lithium battery using Li-ions. Li-ion batteries have slightly lower 
performance but have significant advantage in stability. They have the nominal 
voltage around 3.6V and very good energy density that is much lighter compared to 
other battery chemistries, and they do not have the memory effect, which makes 
them good candidate for the electric vehicle industry. Li-ion batteries use Li-ions to 
carry charges between positive and negative electrodes. The charge is stored by the 
carbon atoms intercalation process; ability to absorb and emit ion and electrons. So 
due to that reason no real chemical reaction occurring. As a result of this process Li-
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ion batteries shell never been discharged over a critical threshold (~20% SOC) that 
would lead to irreversible loss of capacity. Regular chemical batteries have chemical 
mechanism that regulates over charge and discharging while in Li-ion batteries there 
is no such mechanism allowing it to reach 100% charge efficiencies, resulting in the 
requirement of clever management that will continuously monitor the battery 
preventing it from being over charged that would lead to explosions.  They also have 
the risk of charge capacity diminishing over life cycle and increasing internal 
resistance due to recharging and aging, the increase in internal resistance prevents 
battery from delivering peak currents on demand. 
3.3.2 Cell capacity 
As can be deduced from the above battery definitions the most important 
performance measure of the battery is the state of charge (SOC), determining the 
amount of available charge in battery in percent. Battery potential voltage output 
mainly depends on this variable and for safe operation, limitation of battery’s 
maximum and minimum charge/discharge levers of the battery depends on this 
variable. This limit is different for different type of chemistries, in the time that this 
thesis was written the safe operating region was between 30% and 90% of SOC. 
While there are several ways to measure a voltage drop or current consumption of a 
circuit element, there is not a direct way of determining the cell SOC, several 
approaches have been proposed in the literature to measure this phenomenon which 
of the main three are listed below; 
i. chemical: depends on the chemical model of the battery  [7] 
ii. voltage: uses battery voltage to estimate SOC  
iii. Coulomb counting: physical model that integrates the current to obtain SOC [8]. 
The chemical model is very detailed and requires knowledge of chemical engineering 
to consider all phenomenons. Being the most accurate result the model is very 
complex and requires excessive computational power that makes it impractical for 
the vehicle simulation purposes.  
The voltage method uses lookup tables and observation of effects like current drawn, 
aging or temperature on the potential, which are obtained by performing many 
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experiments to capture the effects. This method is cumbersome and is not practical 
for application on the single available pack to obtain characteristics.  
The final method, coulomb counting, is the simplest method yet provides very 
accurate results. The method is based on integrating current going in and out of the 
battery and dividing by the total battery capacity. This method lacks the cell aging 
effect and also due to limitations of measurement such as quantization errors and 
measurement frequency, deviations in calculated available capacity occur through 
out of operation time. There are several methods proposed to account for aging and 
measurement errors such as employing parameterizations, stochastic models, Kalman 
filter and extended Kalman filter [9]. Parameterization method depends on adapting 
several correction curves whose values are obtained by curve fitting method on 
measurements  [10], yet it is still simpler compared to voltage method. Stochastic 
methods approximates abstract characteristics by adopting Markov chain like 
processes, just Kalman filter accounts for measurement errors but does not consider 
the aging effect. The most promising method is the extended Kalman filter, which 
estimates both SOC and aging effect in conjunction so to provide most accurate 
result and still be applicable using commercially available processing units.   
The importance of aging effect has already been cited several times, this measure of 
performance is referred in the literature as state of health (SOH), and this 
performance measure is an unphysical value comparing battery’s current state with 
its ideal state in percent unit. There is not definite way to calculate battery’s SOH, 
but it mostly depends on the internal resistance, capacity, voltage and number of 
charge discharge cycles. To have a nonmisleading SOC value SOH is an important 
parameter and shell be taken into account. Several life models have been adopted to 
calculate this phenomenon, the used model just considers the fast charge and 
discharges from the mean battery SOC and finally adjusts the total battery capacity.  
 Self-discharging is the neutral phenomenon of chemical system that it tries to 
return to a state of rest or to the lowest form of energy, this phenomenon occurs by 
ions continuously flowing that results in reduced SOC amount.  The self-discharge 
rate mainly depends on the chemistry composition of electrodes, capacity available 
and the ambient temperature.  
 The self-discharge rate is higher in NiMH batteries compared to Li-ion based 
since in one process chemistry is employed while in the second composition ions are 
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stored on the carbon atoms. Also for same chemistry composition the rate of 
discharge is not same for a battery having SOC of 90% and 60%, the 90% battery 
will discharge to the same delta amount e.g. 20% faster than 60% one since the 
energy state is much higher. The effect of temperature and initial SOC on the self-
discharge can be seen in the  Figure 3.1. 
 
Figure 3.1 : Self discharge at different temperatures.  
Finally temperature plays an important role on the discharge rate both for self 
discharge and regular use. For self discharge the cooler the ambient is the slower self 
discharge occurs due to already reduced energy state, while for regular use the cooler 
it is the higher internal resistance it has and hence higher voltage drop at terminals. 
As a consequence of these effects if battery is not to be used for longer periods it 
shall be kept at relatively cooler temperatures and not fully charged, whereas for safe 
operation at extremely cold environments additional precautions shall be taken to 
prevent battery from fast discharge and hence reduce below critical limits. 
3.3.3 Charge balancing 
A battery being constructed from several serial and parallel connected cells shows 
not the characteristics of single cell but of their combination. Having so many cells in 
single pack it is impossible to make perfectly matching identical cells in terms of 
capacity and internal resistances, also the temperature distribution through out the 
pack is not same resulting in capacity deviations between cells over the time. The 
cell with highest SOC available will prevent the all pack from being further charged 
even though there are cell available not totally charged and vice versa the cell with 
lowest SOC will prevent the pack from further discharge even though other cells are 
not discharged to a limit (L. Lu 2010). This phenomenon is depicted in the  Figure 
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3.2,  Figure 3.1 and  Figure 3.3 where cells have slightly different capacities as well as 
different percentage of SOC. During charging, the Cell 1 prevents other cells from 
being charged even though they have still space for charging while similarly in the 
second figure the Cell n limits other cells from being further discharged even though 
they still have charge before reaching the limit.  
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Figure 3.2 : Cell with highest SOC limiting the whole pack.  
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Figure 3.3 : Cell with lowest SOC limiting the whole pack.  
For the new cell pack, these deviations are minor and might be ignored but over the 
operation time the deviation between cells will increase dramatically that will 
prohibit battery from being charged and delivering power. Therefore, it is important 
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to prevent deviation that will make battery useless, even if long life times are 
guaranteed since one of the main aspects of transitions to the electric vehicles is as 
described previously the low efficiency of fossil fuels and their increasing cost. So 
the electric vehicles shall be made as efficient as possible to close the gap between 
the fossil fuels and open new areas for even more efficient alternatives. 
To prevent negative effect of cell deviation through out the time charge balancing 
technique is applied between the cells in the pack for proper operation. Considering 
the amount of cells used in battery pack monitoring all cells comes as an important 
cost source due to which, instead of monitoring all cells in system a combination of 
two or three cells are being monitored. By monitoring the difference of smaller packs 
according to need balancing is applied that might be active or passive.  
In passive balancing excess charge is dissipated over a resistor as heat until desired 
SOC level is reached, alternatively in active balancing the excess charge is taken 
from most charged cell and is transferred to the least charged cell over usually DC-
DC converter. A figure representing cell pack that has unbalanced SOC’s between 
the cells and final SOC after passive balancing and active balancing is shown in 
 Figure 3.4,  Figure 3.5 and  Figure 3.6. 
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Figure 3.4 : Cell pack with unbalanced SOC’s.  
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Figure 3.5 : Final SOC of the cells after passive balancing.  
0
10
20
30
40
50
60
70
80
90
100
SO
C
Cell 1 Cell 2 Cell 3 … Cell n
Cells
SOC's After Active Balancing
 
Figure 3.6 : Final SOC of the cells after active balancing.  
From the figures in the passive balancing the SOC levels are adjusted according to 
the cell with lowest cell while in the active balancing the resultant SOC level is in 
between the cell with maximum SOC and minimum SOC. Even though active 
balancing seems more efficient due to introduced additional cost of converter and its 
conversion efficiency it is not always the case. Especially since cells are being 
monitored continuously small deviations are discovered immediately that forces 
converter to transfer very small charge amounts that are almost negligible when 
combined with converter efficiency. Commercially available electric of hybrid 
vehicles do not employ active charge balancing technology but with increasing 
demands of drivers, this technology is most likely to be employed. 
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3.3.4 Battery model 
Previously three different battery models, namely chemical, voltage and coulomb 
counting, have been explained. Chemical model has the best results while being very 
detailed and complex for electric vehicle simulation purposes, voltage model 
depends on measuring the voltage on the battery terminals and including lots of 
correction tables to obtain battery SOC which is very unphysical and requires lots of 
measurements. Finally, coulomb counting method is left that uses the basics principle 
that the number of electronic flowing inside and outside batter pack are equal. This 
model is not very precise due to measurement errors especially after lots of 
charge/discharge cycles but several methods have been proposed in the literature to 
cover measurement errors better i.e. stochastic process, extended Kalman filter etc. 
Being simplest method yet still providing sufficient accuracy coulomb counting 
method is employed in the range extender vehicle simulation.  
The battery is constructed using simple Thevenin equivalent circuit model. Where 
the battery is constructed using a resistor and a potential source. In order to improve 
characteristics since charge and discharge resistances are not same different 
resistances are used for charging and discharging. In the battery to account for 
diffusion losses and effects diffusion resistance and capacitors are included,  Figure 
3.7. 
 
Figure 3.7 : Electrical battery model.  
Constructed model is made for LiFePO4 chemistry type battery where diffusion loss 
is negligible compared to charging/discharging resistances and similarly diffusion 
capacitance is also negligible that they might be omitted in the modeling. Finally, a 
potential source with two different resistance values is left.  
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Battery pack being constructed from several cells connected in series and parallel to 
obtain overall potential source value and the Thevenin resistance value, cells number 
of series and parallel connections are considered. The output potential depends only 
on serially connected cells; parallel ones only provide durability so the total open 
circuit voltage is calculated by multiplying total number of serially connected cells 
with the voltage output depending on the current SOC. However, effective output 
resistance also depends on the number of series cells as well as parallel cells. 
sSerialCellCellOCBatOC nVV ⋅= ,,  (3.1) 
As expressed previously parallel cells do not have the effect on the open circuit 
voltage but they have an effect on the terminal voltage since they add up to the 
output resistance. The total output resistance is calculated by multiplying number of 
serially connected cells and parallel connected cells with the single cells output 
resistance. 
( )lsPalalelCelsSerialCellCellThBatTh nnrR ⋅⋅= ,,  (3.2) 
The cell open circuit voltage is obtained from the lookup table provided by the 
supplier or by the use of the results of the laboratory tests that gives the cell voltage 
as a function of the cell SOC. 
In order to obtain battery voltage the most important parameter is the batter SOC, 
that can be estimated by the coulomb counting method defined as integrating current 
at the battery terminals. The integrated current is the battery charge that is in 
coulomb unit, dividing this number by the nominal battery capacity that is in ampere-
hours unit (1Ah=3600C) and including the initial SOC the battery’s instantaneous 
SOC is found. 
dt
dQI =  (3.3) 
∫= IdtQtotal  (3.4) 
∫ −+= dtIIC
SOCSOC lossbatt
n
)(10  (3.5) 
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Combining these equations simple battery model is obtained that can be used for 
simulation purposes and still providing sufficiently good results. In the literature, 
several studies have been carried out to compare the method with the more complex 
structures like Kalman filtering employed. It is true that the Kalman filtering method 
provides better results on real time running systems, but in simulation environment 
the approach would both prolong simulation time and increase complexity of the 
model.  
The model is not supported by complex aging algorithms but instead a simpler 
models are preferred that will estimate SOH, so shrinking battery capacity is 
approximated in the optimizations. Among many suggested SOH models in literature 
the battery life model  [5] is preferred since model is suitable for optimization 
purposes that will not add heavy calculation burden to computer yet still provide 
approximate effects on the battery capacity depending on the charge and discharge 
cycles.  
The model is set up on the following assumption; the deviation of the SOC is the 
phenomenon that affects the life time of the battery. This deviation affects life in a 
square way. The formulation of the model is as follows; 
( ) dttSOCtSOCktonDegenerati mean∫ −= 2)()()(   (3.6) 
In the suggested battery life model it is assumed that as more heavy battery SOC 
varies the effect on the battery is bigger. The cycle defined for battery short 
charge/discharge cycle consists of charging battery with 5% SOC in a one second 
time, keeping the SOC at the level for a second and than again coming back to the 
initial SOC within a second of time, representative plot is shown in  Figure 3.8;  
 
Figure 3.8 : Short charge/discharge cycle.  
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The number short charge/discharge cycle given in battery spec sheets is the number 
corresponding to the battery’s ability to sustain such short cycles before becoming 
useless. This number varies mainly depending on the battery chemistries. E.g. the 
LiFePO4 is able to sustain around 200000 such cycles. The gain k in the degeneration 
formula is used to account for this discharge cycle number. i.e. the battery is 
completely useless once the generation reaches 100% that is reached by defined 
number of charge/discharge cycles. 
( ) dttSOCtSOCkCycleLifetonDegenerati mean∫ −⋅== 2)()(100)(  (3.7) 
( )∫ −⋅
=
dttSOCtSOCCycleLifek mean 2)()(
100
 (3.8) 
In gain k calculation it is also assumed that the SOCmean is not affected by short 
charge/discharge cycle since pulses are not applied consecutively but after the battery 
reaches the mean state. So the final value can be found to be; 
61012
3
125200000
100
−×=
⋅
=k  
(3.9) 
Battery life formula result shall multiply the total batter capacity (Cn in SOC 
estimation formula) to include effect of aging on battery capacity.  
By observing the battery model and chemistry, it is seen that the full battery 
recharges are possible in less than 30 minutes duration acceptable by the drivers by 
applying high currents but at an expense damaging battery chemistry and hence 
reducing battery’s life dramatically with each charge. 
3.4 Electrical Machines 
3.4.1 Introduction 
Electric machines are the devices that convert mechanical energy into electrical 
energy and vice versa. Electric motors are widely spread in the modern world, almost 
anything that uses electrical energy has one or more electrical motors in it e.g. 
washing machines, hair driers, blenders etc. Similarly, electric machines are one of 
the most important units in the hybrid electrical vehicles since they are the only 
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means that can convert energy stored in batteries into a mechanical energy and 
propagate vehicle.  
Electric machines have generally constant torque output for almost no speed to a 
limit speed depending on the design and back EMF due to speed and after this limit 
speed have constant power output. These regions are called the constant speed and 
constant power region.  In the constant power region torque output of the machine is 
falling with the rate that will keep motor power output constant until the thermal 
limits of the machine. Electric machines having high torque output for very low 
speeds requires additional care while translating drivers pedal to torque demand  [11].  
The generic electric motor torque, speed and corresponding power curves can be 
seen as in the  Figure 3.9. 
0 1000 2000 3000 4000 5000 6000 7000 8000
50
100
150
200
250
To
rq
u
e 
(N
m
)
Speed (RPM)
Electric Machine Torqe Power Curve
0
10
20
30
40
50
60
70
Po
w
er
 
(kW
)
 
Figure 3.9 : General electric machine speed torque curve.  
There are mainly two different types of electric machines depending on the driving 
current type such as DC or AC current. DC motors are easy to operate at desired 
speed and load set points but since they are also heavy and have shorter life 
compared to AC machines they are not employed in the hybrid vehicles. AC 
machines first started as induction machines, an induction machine with two poles 
cross section is as given in the  Figure 3.10. 
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Figure 3.10 : Induction machine cross section.  
Slots in the stators hold three phase winding a, b and c. The turns in the stator are 
distributed in a manner that the sinusoidal like flux density is produced in the 
periphery of the air gap between stator and the rotor  [12]. Applying three phase 
current each lagging 120º from other, radially directed air gap flux density is 
produced that is also sinusoidal in the air gap and rotates at an angular velocity equal 
to the frequency of stator currents. This type of machines wore initially very hard to 
control, but with the advancements in IGBT technology and proposed control 
methods in the literature, their control was made possible. 
Induction AC motors are still used in several HEV applications especially in heavy 
conditions i.e. truck or bus, but the requirement of very efficient motors for 
passenger vehicle in wide range of speed-load operation points, permanent magnet 
synchronous motors (PMSM) become very strong alternative to the induction 
motors. Cross section of a PMSM can be seen in the  Figure 3.11 obtained from  [13], 
which looks similar to the induction motor except the rotor. 
 
Figure 3.11 : PMSM cross section.  
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The difference from the induction motor is that the air gap magnetic field is not 
produced by the current flowing in the winding of the rotor but by the use of 
permanent magnets so the magnetic flux in the rotor is constant. Using permanent 
magnets to generate magnetic flux in the air gap gives the opportunity to design 
highly efficient PMSM in addition to having smaller losses because of no current 
flowing through the rotor. The main drawback of the PMSM type motors is they 
require permanent magnets, which are generally hard to obtain especially for the rare 
earth type materials. PMSM are generally used for the applications in 25-150kW that 
is moderate power range while induction machines are employed for high power 
such as over 200kW where they are more durable and have lower operating cost. 
Considering the ease of control in wide speed range along with high efficiency in the 
moderate power range that corresponds to the average passenger vehicle power need, 
PMSM type motor will be employed in the design of HEV of this thesis.  
PMSM’s are driven by three phase AC current source but since only DC current can 
be stored in batteries inverters are used to transform DC to three phase AC current. 
Inverters generally employ high power IGBT’s that are able to generate and drive 
loads with the generated signal. 
3.4.2 Inverters 
Inverters are the devices that convert DC power to AC power at required frequency 
and amplitude. A typical three phase inverter is shown in the  Figure 3.12. 
 
Figure 3.12 : Three Phase Inverter.  
Inverters consists of three half bridge circuits that uses two transistors (similar to 
class AB amplifier) where the upper and lower switches are driven in complementary 
way that while upper is turned on, the lower one is turned off and vice versa. The 
output voltage is created by pulse width modulation technique (PWM) where the 
  26 
average value of the voltage fed to the load is controlled by turning the switch in the 
half bridge on and off at a pace that isosceles triangle carrier wave is compared with 
a fundamental frequency sine modulating wave resulting in switching points at the 
intersections. Applying the same approach on other two half bridge circuits with a 
phase difference of 120, three phase voltage is generated. The technique is shown in 
the  Figure 3.13. 
 
Figure 3.13 : PWM generation.  
Having the ability to adjust the output voltage amplitude and frequency, it gives the 
opportunity to drive electric motor at desired speed and load very easily. Being so 
complex and able to transfer and switch very high amounts of power the cost of the 
inverters are seven times more expensive compares to electric motors that makes 
inverters the key role player. Inverter model will not be developed in this study since 
the required computational power is very high and results being almost the same as 
applying required voltage directly due to efficiency of the currently available 
inverters in the market almost being unity. 
3.4.3 Electrical machine model 
Electrical machine model is nonlinear and relatively complex since it is driven by 
three phase current, but this complexity can be reduced amazingly by employing 
space vector theory. Theory creates an analogy between three phase quantities (i.e. 
voltage, current, fluxes etc.) and defines them terms of two orthogonal complex 
space vectors,  [12] and  [14]. 
(Freescale Design Reference Manual, 2009) First state vector definition is used to 
define three phase currents i.e. isa, isb and isc, in the machine with the following 
equations that can be depicted as shown in the  Figure 3.14. 
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Figure 3.14 : Clarke transform.  
As can be seen from the figure the final vector īs can be expressed as real isα namely 
instantaneous direct axis current and imaginary parts isβ as instantaneous quadrature 
axis current. Resulting two currents are the fictitious two phase values that are 
functions of three phase stator currents as follows. 
βα sss jiii +=  (3.12) 
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scsbs iii −=β  (3.14) 
The voltage equations of the stator in the instantaneous form are expressed as; 
SASASSA iRu ψ&+=  (3.15) 
SBSBSSB iRu ψ&+=  (3.16) 
SCSCSSC iRu ψ&+=  (3.17) 
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Where: 
SXu  = instantaneous stator voltages in phase X 
  SXi  = instantaneous stator currents in phase X 
  SXψ = instantaneous stator flux linkages in phase X 
As can be seen the large number of equation it is practical to define instantaneous 
equations using the two-axis theory (Clarke transform) as following; 
ααα ψ SSSS iRu &+=  (3.18) 
βββ ψ SSSS iRu &+=  (3.19) 
)cos( rMSSS iL Θ+= ψψ αα  (3.20) 
)sin( rMSSS iL Θ+= ψψ ββ  (3.21) 




−−= LSSSS TiipJ
p )(
2
3
αββα ψψω&  (3.22) 
Where: 
 SXu = stator voltages in orthogonal coordinate system X 
    SXi = stator currents in orthogonal coordinate system X 
   SXψ = stator magnetic flux in orthogonal coordinate system X 
   Mψ = rotor magnetic flux 
    SR = Stator phase resistance 
    SL = Stator phase inductance 
    ω = rotor speed 
  p = number of poles per phase 
  J = inertia 
   rΘ = Rotor position in α, β coordinate system 
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Represented equations are in the stationary frame α, β fixed to the stator, so it is 
convenient to attach the vectors to the general reference frame rotating at a speed wg. 
In the general reference frame direct and quadrature axes x,y rotating at an angular 
speed wg = dθg/dt are shown in the  Figure 3.15 where θg is the angle between the 
direct axis and stationary reference frame (α) attached to the stator and real axis (x) 
of the general reference frame. 
 
Figure 3.15 : α, β coordinate system.  
Using defined reference of frame the stator current space vector in general reference 
frame is; 
 sysx
j
sSg jiieii g +== − θ  (3.23) 
 Similar approach holds also for the rotor voltages, currents and flux linkages 
except that the rotor displacement from the direct axis of stator reference frame θr 
shall be introduced in the equations as; 
ryrx
j
rrg jiieii rg +== −− )( θθ  (3.24) 
 Transforming motor model voltage equation can be expressed in the general 
reference from by utilizing introduced transformations of motor quantities. It is 
possible to attach reference of frame to any defined space vector but the most 
popular is the one where rotor flux linkage vector with direct (d) and quadrature (q) 
axes. The transformation from αβ to dq coordinates is shown in the  Figure 3.16. 
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Figure 3.16 : αβ to dq coordinate system.  
From the figure the transformation can be easily obtained as; 
22
βα ψψψ MMM +=  (3.25) 
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The final motor model in the d-q coordinates is as follows; 
SqeSdSdSSd iRu ψωψ −+= &  (3.29) 
SdeSqSqSSq iRu ψωψ ++= &  (3.30) 
MSdSSd iL ψψ +=  (3.31) 
SqSSq iL=ψ  (3.32) 




−−= LSdSqSqSd TiipJ
p )(
2
3 ψψω&  (3.33) 
Derived equations can be reduced to the following model in static operation with 
static reluctance; 
  31 
SqSeSdSSdSSd iLiLiRu ω++= &  (3.34) 
)( MSdSeSqSSqSSq iLiLiRu ψω +++= &  (3.35) 
The torque output of the motor can easily obtained from the speed equation at steady 
state where the derivative is zero the produced torque shall be equal to the load 
torque, hence; 
)(
2
3
SdSqSqSd iipT ψψ −=  (3.36) 
The electric machine can be operated in motoring and generating mode, if it is 
desired to use formula with positive values the sign of the q axis voltage shall be 
changed or alternatively keeping the original formula would result with negative 
torque meaning that it is applying load. The difference is also illustrated in following 
sections 
3.4.3.1 Generator mode 
Applying load to electric machines rotor, that is either a permanent magnet or an 
electromagnet by applying dc current on the rotor, will rotate it and consequently 
current is induced in the stator. The resultant current is (generally except special 
applications) sinusoidal and is used either for powering electrical devices or might be 
stored on battery like devices. The steady state phasor equation of the PMSM  is as 
shown in the Equation (3.37) where Vt and is are terminal voltage and currents and 
EEMF is the back EMF  [14]. The phasor diagram is also shown in the  Figure 3.17. 
EMFqqddsst EijXijXiRV +−+=  (3.37) 
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Figure 3.17 : Phasor diagram of generator.  
3.4.3.2 Motoring mode 
Opposite to the generating mode in motoring mode potential is applied on the motor 
terminals tat results in rotation of the motor shaft. The resultant torque on the rotor is 
transferred via shaft to the desired mechanical device i.e. vehicle tires. The steady 
state phasor  equation of the electric motor are available in the Equation (3.38) where 
all quantities are positive, the phasor diagram of the equation is available in the 
 Figure 3.18; 
EMFqqddsst EijXijXiRV +++=  (3.38) 
 
Figure 3.18 : Vector diagram of motor.  
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Developed motor model is finally benchmarked for both motoring and generating 
mode, to obtain efficiency results. Benchmarking is performed by applying either 
positive load for generating or negative load for motoring mode to the motor and 
using a simple PI controller that has the reference desired speed and control signal 
voltage on q-axis. The voltage reference on the d-axis is kept at zero until a limit 
speed and after the limit speed it shall be reduced in order to reduce back EMF acting 
on the motor so that higher speeds are achievable. But using negative reference also 
reduces the motor efficiency which is an important issue in hybrid vehicles. 
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Figure 3.19 : Electric machine benchmark.  
During benchmark, desired torque is set on the load side and desired speed is given 
as reference to the electric machine so by this setup the machine is operated at 
desired point. The same approach is used for both motoring and generating mode 
with just load sign change. The load and speed cycle applied to the motoring mode 
can be seen in the  Figure 3.20, where for each step in the engine speed several steps 
are applied on the torque side so that all engine operating regions are traversed. In 
order to obtain results at steady state after each step in both speed and torque it is 
allowed for some time to pass so that engine comes to a steady state and 
measurement is taken. 
  34 
0 500 1000 1500 2000
0
200
400
Electric Motor Torque
0 500 1000 1500 2000
0
2000
4000
Electric Motor Speed
0 500 1000 1500 2000
0
0.5
1
Electric Motor Efficiency
 
Figure 3.20 : Applied cycle for machine efficiency.  
From the obtained simulation results, the most efficient regions are seen to be 
between 1250 and 4000 rpm and for high load, which is an expected region in 
electric machines whose general efficiency plot can be seen in the  Figure 3.21 
obtained form [15].  Hence, in order to have best possible efficiency it is important to 
operate electric motor in the defined regions.  
 
Figure 3.21 : Generic electric machine efficiency.  
The most efficient region in the generating mode shall be arranged with the internal 
combustion engines most efficient region to have losses at minimum. The speed and 
torque alignment for ICE and generator are relatively easy since both units are 
designed to run most of the time on single operating point and rarely going to some 
other points according to power demand. 
 With the traction motor the case is similar for the efficient region but considering the 
vehicle being operated at various vehicle speeds and loads it is not always possible to 
have the best efficiency through out the operation. This problem is overcame in 
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conventional vehicle with ICE’s by introducing gearbox in the vehicle, however this 
solution is not preferred since there are already several units in the vehicle that 
occupies the space, introduces weight and due to high torque output of the electric 
motor that gear shifts shall be made using automated transmissions to handle the 
torque transfer. Yet due to wide speed of range of the electric motors it is possible 
either to connect it directly to wheels, namely direct drive, or to design a final gear 
that transfers torque between motor and the tires. Representative figure of coupling 
of electric motor with the tire can be seen in the  Figure 3.22. 
 
Figure 3.22 : Electric motor and tire mechanical coupling over a final gear.  
Since electric motor and tire are mechanically coupled through a gear and electric 
motor speeds are pronounced in rpm unit for easier understanding while vehicle 
speeds are pronounced in km/h unit, so the transformation from electric motor speed 
to vehicle speed can be calculated using Equation (3.39). In the Equation RTire is the 
tire radius in meters and n is the electric motor speed in RPM. 
FinalDrive
w
r
nR
v 1000
602pi
=  (3.39) 
Simple approach for determining the necessary final drive for desired task might be 
considered as in the  Table 3.2 :, where on the left column of the table electric motor 
speeds are available and in the right columns corresponding vehicle speed for several 
final drives are available. In the table, ratio of one corresponds to the direct drive and 
higher ratios correspond to employed final gear. 
 
 
Electric 
Machine 
Final drive 
ratio 
Rw,Wheel 
Radius 
Gears 
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Vehicle velocity (km/h) at  
several final drive ratios 
(2×π×Rw× (60×n)/rFinalDrive/1000) 
Motor Speed 
n (RPM) 1 2 4 6 7 8 9 
239 27 14 7 5 4 3 3 
477 54 27 14 9 8 7 6 
716 81 41 20 14 12 10 9 
955 108 54 27 18 15 14 12 
1194 135 68 34 23 19 17 15 
1432 162 81 41 27 23 20 18 
1671 189 95 47 32 27 24 21 
1910 216 108 54 36 31 27 24 
2149 243 122 61 41 35 30 27 
2387 270 135 68 45 39 34 30 
2626 297 149 74 50 42 37 33 
2865 324 162 81 54 46 41 36 
3104 351 176 88 59 50 44 39 
3342 378 189 95 63 54 47 42 
3581 405 203 101 68 58 51 45 
3820 432 216 108 72 62 54 48 
4058 459 230 115 77 66 57 51 
4297 486 243 122 81 69 61 54 
4536 513 257 128 86 73 64 57 
4775 540 270 135 90 77 68 60 
In the table, the efficient motor operating speeds have been marked in gray and on 
the right hand side, columns with corresponding vehicle speed can be observed for 
various gear ratios. It is obvious if a ratio of one, direct drive, is used the motor is 
operated well under the efficient region and as the gear ratio increases the 
corresponding vehicle speed approaches to a regular ranges. The final drive selection 
shall be done according to designed vehicle target operation region i.e. for in city 
driving final drive ratio of seven is more favorable since it encloses in city speeds 
with motors most efficient region while if it is desired to have a vehicle that is 
efficient on  high ways a ratio of four is favorable.   
It is not enough to compare values from table and assign final drive ratio for the 
designed vehicle, there are also additional design constraints like minimum 
acceleration and defining vehicles ability of accelerating or going with constant 
speed at defined load gradient percentage. Even though for commercial vehicles 
Table 3.2 : Electric motor and vehicle speed for several final drive ratios. 
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there are target important performance parameters for marketing they will not be 
considered in this work, since with explained simple method an average vehicle 
response can be obtained that is the target of the thesis. Studying the table final drive 
is chosen to be six, which covers lower section of high way speeds and in city speed 
region. 
3.5 Internal Combusstion Engine 
3.5.1 Introduction 
An internal combustion engine is a machine that burns fuel and air in the combustion 
chamber to create mechanical power. (J. B. Heywood) ICE’s are called either spark 
ignition if gasoline is used as fuel or compression ignition diesel is used as fuel. Both 
types have four strokes during operation but differ in fuel ignition, gasoline engines 
are burnt using spark plugs while diesel doe not have spark plugs but combust the 
diesel and air by the high pressure. Four strokes of engine are the intake, 
compression, combustion and exhaust that are shown in the  Figure 3.23, obtained 
form  [17]. These four strokes are completed in two rotations of the crankshaft. 
 
Figure 3.23 : Four strokes of ICE.  
- Intake: The clean air is taken inside combustion chamber by opening the intake 
valve and expansion of the chamber by the down movement of the piston, in 
multiport gasoline engines fuel and air are mixed before intake in manifold while in 
diesel and new gasoline engines (direct ignition) fuel is sprayed during the next 
stage. 
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- Compression: This stage begins as the piston is in the down most position that no 
more clean air taken inside combustion chamber and continues until the piston 
moves close to the top position during which either air is compressed by the 
movement of piston. The energy required to move the piston come from momentum 
of the flywheel and as well as other pistons.  
- Combustion: Stroke starts with the ignition of fuel with air in the combustion 
chamber, which is around the top position. The pressure built-up during burning 
pushes the piston to the down end and hence applies power on the crankshaft and 
peripherals connected to it.   
- Exhaust: After the combustion stroke it is necessary to remove burnt air from the 
chamber and prepare it again for the intake stage, which is done by opening the 
exhaust valve during pistons movement from down end to the top end that pushes air 
in the chamber towards the exhaust manifold.  
The ideal diesel cycle is described as constant pressure cycle with corresponding 
ideal P-V diagram shown in the  Figure 3.24, obtained form  [17]. 
 
Figure 3.24 : Ideal diesel P-V diagram.  
After the intake stage in the compression stage power win is used to compress air in 
chamber from pressure p1 to p2, then at the combustion stage with the burning of 
fuel power is released that pushes piston down along a second line where the total 
power output is wout. The area between win and wout is the net power output of the 
engine that is used for doing work. The same cycle goes on for other cylinders of the 
engine but at different instants in order to improve efficiency and vibrations.  
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Another important issue with the ICE is the requirement of lubrication of cylinder 
wall so that minimum power loss occurs and engine life is prolonged. Cold engine is 
not able to provide required power, since lubricant is not heated to its best viscous 
degree where piston and the cylinder wall are touching each other perfectly, hence 
have cavities where air and fuel mixture leak out and hence maximum power output 
cannot be produced. Due to that reason suppliers have different injection quantities 
for cold and hot engine. 
The control of a regular ICE is rather complicated task where for proper combustion 
and least amount of emissions several injections are used in single cycle that has to 
operate for whole ICE speed operating range. To satisfy this requirement very fast 
computations that calculate and provide engine with required air and calculate the 
injection angles and quantities that run in crank angle domain. In range extender 
applications ICE’s are not operated in wide speed range but is operated at limited 
speed and torque output points, sometimes even just on a single point, so needed 
control depth is smaller. Considering this fact a complex combustion model or mean 
value engine models, where crank angle is not taken into account but air flow and 
pressures at unit inputs and outputs are used to calculate engine outputs, are not 
employed instead a simple lookup table depending on the injection amount and 
engine speed is used to obtain engine torque output. This method is sufficient for 
providing the fuel amount used and produced engine torque for driving the electric 
generator. 
In order to include effects of engine temperature that has an important effect on the 
engine torque output either two different lookup tables for hot and cold engine and 
for intermediate temperature interpolated values might be used another possibility is 
to scale output torque according between a value lower than one for cold and to one 
for hot engine. 
3.5.2 ICE emissions  
Internal combustion engines use fossil fuels, which have harmful side products when 
burnt such as hydrocarbons (HC), particulate matter (PM) and nitrogen oxides (NOx). 
HC’s are formed due to unburned or partially burned fuel during combustion, while 
PM’s refer to diesel soot and aerosols such as ash particulates, sulfates and silicates 
that are very small in size i.e. ~100nm. HC’s are decomposed into carbon dioxides 
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and water when subjected to oxygen while to capture PM’s diesel particulate filters 
(DPF) are placed into exhaust system that have very small channels that allows only 
gas flow but captures the particulates. Structural view of the DPF is shown in the 
 Figure 3.25, obtained from  [18]. 
 
Figure 3.25 : Structural view of DPF.  
The final very important side product is the NOx, they are formed at high temperature 
and pressures by the reaction nitrogen and oxygen available in the air used to burn 
fuel, considering the operation at higher temperature and pressure of diesel engines 
they are the main source of the NOx formations.  
In order to prevent formation of NOx in diesel engines exhaust gas recirculation 
(EGR) system is implemented that has a connection between exhaust and intake that 
recirculte proportion of the exhaust gas that has smaller amount of oxygen back in 
the combustion chamber and hence reduces the temperature during burning and 
hence NOx emissions. 
Considering the emissions, ICE’s produce regulations are introduced that require all 
vehicles pass specific cycle below defined limit of emissions before going into the 
market. The most common drive cycles are called New European Drive Cycle 
(NEDC), American FTP75 and Japanese Mode 10-15 that simulates urban, rural and 
motorway speeds and lasts around 20 minutes. In this work NEDC cycle will be used 
as the main means of the vehicle performance investigation,  Figure 3.26. 
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Figure 3.26 : NEDC Drive Cycle.  
Having such requirement to provide performance and as well as staying below the 
limits of the emissions introduces additional control tasks on the ICE that are 
challenging issues in the industry. Sensors used to measure emissions or other states 
of the engine have time delay and small errors make the control task even harder in 
the transient operations where exact measurements can’t be obtained. Generic NOx 
emissions at NEDC can be seen in the  Figure 3.27 where high spikes are observed 
during transients but at steady operating points the emission is rather constant. 
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Figure 3.27 : NOx emissions at NEDC.  
Range extender type vehicles are lucky from this perspective since ICE’s are not 
operated most of the time and as well as in transient modes but forced to operate on 
single point that allows using simple methods to estimate emissions i.e. simple 
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lookup table depending on the operating point would be sufficient to obtain good 
results on the emission information. 
3.5.3 ICE model 
Events ongoing during engine running like ignition angle, pumping losses, 
temperature all have an impact on output power and emissions and all require very 
deep study and detailed control algorithms for proper operation as described 
previously. Since in this work range extender vehicle is studied in which ICE is 
operated at single point where the best efficiency is obtained and it is both suggested 
and assumed that the batteries are recharged from electrical power sources rather 
than using ICE, instead of detailed combustion model a lookup table for engine 
output torque is used  [19]. This table depends on engine speed and injected fuel 
quantity in milligram per stroke (mg/str), a variable that is being controlled simply to 
bring ICE to a desired operating point. Since the temperature model is not available a 
simple curve, whose input is the time and output is a value between zero and one that 
multiplies torque output of the table in order to reduce output for cold engine. For 
initial values of time, output of the torque curve is scaled to a lower value and as the 
time advances value is stabilized at one that represents hot engine. 
Additionally a lookup table is utilized to estimate NOx emissions, that depends on 
engine speed and torque and to include effects of high peaks during the transients a 
high pass filter is included to the table output in order to have better approximation 
of the NOx emissions. Constructed ICE model can be seen in the  Figure 3.28. 
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Figure 3.28 : ICE lookup table implementation.  
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The instantaneous fuel is in mg/stroke unit, which depends on the engine rotational 
speed and engine stroke number, since simulink is second based simulator this value 
is needed to be converted to g/s unit in order to be able to obtain total fuel amount. 
This conversion might be performed using the Equation (3.40). 
g
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rev
str
str
mg
s
g
100060
min
min
2
=  (3.40) 
Used engine is obtained from Ford Motor Co. with maximum power output of 
110kW at 3850 RPM and maximum torque of 240Nm at 1750 RPM. The engine 
torque and speed curves are modified to generic version due to confidentiality 
reasons and are as shown in the  Figure 3.29. In this figure, maximum engine torque 
and corresponding power are plotted with blue and red colors. 
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Figure 3.29 : Torque – power graph of ICE.  
In order to obtain the best efficiency output of the ICE a contour plot is obtained 
from the generic source engine data i.e. on the x-axis speed is shown and on the y-
axis injected torque output is shown; injection quantity is used in order to be able to 
obtain corresponding torque output of the engine at obtained efficiency point. Since 
the torque output is known for every speed and injection quantity pair, output power 
can be obtained by multiplying the speed and torque at each point, if power output at 
each point is divided by the injected fuel quantity (in g/s) a unit (kW/(mg/s)) is 
obtained meaning obtained power per unit fuel quantity. So as the value is higher that 
means more power is obtained per unit of fuel. Calculated engine efficiency is 
plotted in the  Figure 3.30 with contour plot and engine output limiting curve.  
It is evident from the figure that engine efficiency reduces as the speed increases 
since the friction losses start to increase tremendously. It is also important to note 
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that for low power output even though less amount fuel is used the efficiency is 
considerably less compared to engines best output.  Another interesting thing to note 
is the point 4500 RPM and 235Nm torque where the maximum power of 110kW 
output is obtained, the efficiency is on the intermediate level, which is well above the 
low load regions efficiencies. 
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Figure 3.30 : Efficiency contour map of ICE.  
From the engine efficiency curve, it is immediately seen that the best efficiency is 
obtained for 200 Nm at 2500RPM, an operation point corresponding to 56kW. 
Therefore, even though our engine is able to provide develop 110kW a controller is 
designed to have output of 56kW where best efficiency is achieved. It is also 
important to have the electric generator with the best efficiency region being at the 
defined operation point by the ICE. Commercially available electric motors might be 
unable to have the exactly desired specs so either a new motor shall be designed or a 
tradeoff shall be done between the overall efficiency and the development costs. 
During drive, there might be some urgent cases where the battery is not able to 
provide demanded power so it is also possible to operate ICE at maximum power 
output that the demanded power request is met. Such conditions require controller 
that is able to operate engine at several operating points by utilizing a factor of 
engine power demand. This factor might be dependent on the demand power, battery 
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temperature and battery’s ability to deliver requested power without damaging the 
cell pack or reducing the SOH greatly. 
3.6 Vehicle 
3.6.1 Introduction 
All explained units up to now require a body to be mounted on to so that the driver 
can use them as a means of transportation. All the actions performed by the units on 
the vehicle results in an influence on the vehicle and hence on the driver, so for 
drivers and passengers to have a pleasant experience during drive, in addition to 
interfacing units, they also shall have a proper fit with the vehicle body that they are 
mounted on to.  
In a vehicle one of the most important feature for consumers is its outer shell view 
and then the engine power etc., however the most important member is the tire that 
allows it to transfer the power developed by the motor to the road and hence create 
traction. 
3.6.2 Tire 
Tires, being the most important unit of the vehicle, they are the members that the 
least information is available about. Several studies have been carried out to 
investigate tire model that has a representative characteristics as seen in the  Figure 
3.31. 
 
Figure 3.31 : Tire normal force vs. slip for several road conditions.  
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In the middle of the figure, where slip is zero, it can be seen that the tire has no force 
that it can use for traction, while left region corresponds to complete tire lock up 
during breaking and right region corresponds to complete slip between tire and road 
during traction. As can be seen in the figure tire has maximum force not at zero slip 
but at some delta from the zero and than again starts reducing. In modern vehicles 
anti-lock braking system (ABS), electronic stability program (ESP) like support 
functions try to keep the tire at maximum normal force by interfacing with torque 
demand of the vehicle. In the figure also the effect of dry, wet and icy road is also 
shown where as the road conditions worsen the normal force is reduced dramatically.  
One of the most popular formulas used to approach this tire characteristic is the 
Pacejka’s magic formula, Equation (3.41), it has no actual physical meaning but 
constants in the formula are obtained by performing several experiments.  
( )[ ]))arctan((arctansin)( BsBsEBsCDsFx −−=  (3.41) 
Another approach for simple applications is the linearization of formula in the 
operation region of tire, which is where the maximum normal force is obtained 
during breaking and accelerating. This approach is very simple but in applications 
that are more important and actual vehicles, lookup tables are used that are filled 
with the experiment results.  
Since detailed study of tire is beyond the scope of this study, a look up table is used 
to include the slip between tire and the vehicle speed while calculating the normal 
force acting on the vehicle. 
3.6.3 Vehicle model 
In this section, a vehicle model with the longitudinal dynamics appropriate for both 
acceleration and deceleration is described. More complex that captures vehicle 
dynamics for steering wheel input and cornering models such as single track or 
double track are available that are used for investigation of vehicle performance in 
cornering and yaw rate stability studies. Since such complex models are beyond the 
scope of this work that aims to increase vehicle performance rather than it’s 
drivability, therefore are not used. The figure of the longitudinal vehicle and forces 
acting on a vehicle can be seen in the  Figure 3.32. 
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Figure 3.32 : Forces acting on longitudinal vehicle.  
The longitudinal vehicle model is derived by applying Newton’s laws the tire torque 
sum and vehicle force sum  [20]. Tires angular dynamic equation requires that the 
sum of the torques acting on the tire shall be equal to the inertia of the tire and its 
speed derivative; 
bdtweww TTFRTwJ −−−=&  (3.42) 
In the equation, Jw is tire inertia and right hand side is the torques acting on the tire 
drive shaft; i.e. the tractive torque from the engine and opposing torques are tire 
reaction torque, tire viscous friction and break torque due to brakes. 
The viscous friction torque acting on the tire is a function of the tire speed and tire 
dimensions, it is almost linear up to high speeds so can be written by the following 
equation. 
fiid CwT =  (3.43) 
The reaction torque, the main means of the vehicles propulsion, is developed on the 
contact of tire with the road surface and depends on the slip, normalized speed 
difference between vehicle and tire and normal force acting due to vehicles mass. 
The equation of the reaction torque is seen in the Equation (3.44), where R is the tire 
radius, µ is a function of slip and road conditions and FN is the vehicle normal force. 
Nr FsRT )(µ=  (3.44) 
The slip is defined mathematically as in the Equation (3.46) where the denominator 
for acceleration is the tire speed since tire speed is higher compared to vehicles, 
Rw 
Jw 
h 
ww 
l1 
l2 
mg 
µ 
θ 
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while for deceleration denominator is vehicle velocity. Finally, to include road 
conditions such as dry, wet or icy the slip is multiplied by a scalar. 
Xss =)(µ  (3.45) 
),max( VRw
VRw
s
ww
ww −
=  (3.46) 
The relation between tire normal force and slip is defined and depicted in previous 
section as in the  Figure 3.31 and can be calculated using magic formula. As said 
before magic formula will not be employed in the vehicle model but in order to have 
realistic results between tires normal force and its tractive force a look up table will 
be used  [21].  
Normal force is calculated by taking vehicle length and weight along the surface 
gradient. Since vehicles center of gravity is not in the middle of the vehicle the 
normal force acting on front and rear tire are different. According to (R. Rajamani) 
the normal forces equations are shown in Equations (3.47),(3.48) and (3.49). 
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Break dynamics consists of dynamics of servo valve and hydraulic system that are 
simple first order systems with time lag. However, for simulation purposes these two 
systems are incorporated into single system i.e. a pressure gain Kc and pressure 
applied to the brake pb, Equation (3.50). 
bbsbcb puKp &τ−= 5.1  (3.50) 
In the equation ub is the input to the break system (0-100%) representing pressure 
apply, constant 1.5 relates ub to the intermediate pressure in the brake line and τbs 
representing the first order system time constant. Finally, brake pressure is related to 
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the applied torque that might be assumed linear with a gain Kb except temperature 
and similar parameters, Equation (3.51). 
bbb Kp=τ  (3.51) 
Dynamic equation of motion used for vehicle is defined by the sum of forces acting 
on the body. Equation (3.52) is the sum of tractive force air drag, resistance due to 
vehicle speed and vehicle weight. 
)sin(θmgFFFvm raxT −−−=&  (3.52) 
The tractive force, main means of vehicle propulsion, is the total friction force of the 
driving wheels due to vehicle normal force and the slip between the tires. 
fT zx
FsF )(µ=  (3.53) 
Air drag force is a nonlinear function of vehicle velocity, vehicle frontal area and 
drag coefficient. While determination of frontal area is simple the drag coefficient 
requires cumbersome either calculations or is determined by the tests. 
2
2
1
vACF da ρ=  (3.54) 
Another drag force acting on the vehicle body is the rolling resistance but acting 
linearly on the body. 
)(vmgCF rr =  (3.55) 
Combined dynamic system of vehicle and tire is available in the  Figure 3.33. The 
model input is a torque from drive shaft which is the product of electric motor output 
torque and final drive ratio and has the outputs wheel speed, equal to product of 
traction electric motor and final drive ratio since mechanically coupled, and vehicle 
velocity that is different from the tire speed due to slip. 
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Figure 3.33 : Vehicle model.  
Simulating constructed vehicle model in NEDC cycle following simulation result 
regarding power demand during accelerations and steady states are obtained,  Figure 
3.34. 
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Figure 3.34 : Vehicle power demand in NEDC.  
Form the power demand graph of the vehicle it might be easily seen that the required 
power for commuting at constant speed of 100km/h 15kW power is required while 
for 120km/h 22kw/h is required. The huge difference occurs due to the nonlinear 
effect of the air drag. Another high power requiring action is the accelerations that 
are immediately spotted in the same figure as high power spikes. So from the results 
obtained from the vehicle simulation it might deduced that, speeding up with slow 
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accelerations and commuting at constant speeds as much as possible will result in 
smallest power requirements and hence consumption of any means of power. 
3.7 Driver 
3.7.1 Introduction 
Considering all the developments in the automotive industry, vehicles still rely on the 
driver that is the final decision maker and cannot be predicated. There are researches 
about using removing driver from the loop and commute predefined route by the 
communication systems between other vehicles and satellites GPS data. These 
studies illustrate successful results but the main obstacle is the accident cases, since 
neither driver nor automotive companies want to take responsibility in such cases.  
Even though debates are still going on some simple autonomous systems are 
available to the consumers such as cruise control, adaptive cruise control, lane 
keeping assistant etc.  
Real driver models generally employ extensive studies about human behavior and 
driver’s age and gender on response times etc. but for the vehicle models such 
complicated models are not required since the rote is already predefined and assumed 
to be commuted in roads that are closed to traffic. So considering the required driver 
a simple PI type controller that is able to provide accelerator and break pedal signals 
according to desired velocity and current velocity is sufficient. 
3.7.2 Driver model 
Driver model used is a simple PI type controller that has the error signal generated by 
desired vehicle velocity and actual velocity with control signal output as the pedal 
position. Such driver model approach is suitable in the studies where the desired 
velocity is known ahead that can be used as the reference signal. 
The simplest driver model is constructed with single PI controller for which positive 
outputs means acceleration and negative means breaking, but such model is not 
suitable for deceleration to a stand still since control signal might oscillate between 
positive and negative values that would correspond to constantly switching between 
break and accelerator pedal.  
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Instead previous model an alternative with two PI controllers, one for acceleration 
and one for breaking is employed. These controllers are coupled through a hysteresis 
in order to prevent situation of switching between break and accelerator pedal.  
Since used driver model will drive an electric motor that is used for regenerative 
breakings, additional checks are shall be performed in order to release break pedal. 
Simple check is done by checking if vehicle is at standstill and desired velocity is 
zero so that it releases the brake and accelerator pedal.  Built driver model with 
checks and PI controllers for pedals is shown in the  Figure 3.35. 
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Figure 3.35 : Driver model.  
3.8 Range Extender Vehicle 
After explaining all units, the final step is to combine into a complete range extender 
vehicle model. Signal flow diagram showing mechanical, electrical and digital 
signals between the units employed in the range extender vehicle are shown in the 
 Figure 3.36. 
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Figure 3.36 : Signal flow diagram of range extender vehicle.  
In the diagram, electrical and digital signals are noticeably higher in number 
compared to mechanical signals that has an advantage as stated before to employ 
more control based approaches than mechanical. 
By sticking to the signal flow diagram, built models are combined as shown in the 
 Figure 3.37, where the combination of ICE and electric generator’s inertias are used 
as the total inertia and their torque sum is used to obtain their speed using the 
Equation (3.56). In addition, a junction for currents is created between electric 
generator, traction motor and battery, where positive sign is taken as charging current 
for the battery and traction motor’s motoring mode and negative signed current is 
considered to be discharging for battery and regenerative breaking for the traction 
motor. Since generator motor is only used for current supplying to the system it’s 
output is always providing positive current, meaning the charging current of battery. 
EMGICEICETot TTwJ −=&  (3.56) 
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Figure 3.37 : Range Extender.  
The last unit that haven’t been explained is the controller, it is the main means of 
providing available unit with demand signals that are generated either by their 
availability, by other units state and ability to deliver requested amount or drivers 
demand etc and still try to operate all of them with the best possible efficiency. In 
order controller to be able to drive unit it either shall take measurement signals or 
shall estimate it desired quantities that are not available, also its parameters should be 
optimized according to defined constraints so that it provides signals that consider 
constraints. In the next section, used controllers will be demonstrated and their 
optimizations are performed. 
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4.  CONTROLLERS AND OPTIMIZATION 
4.1 Controllers 
As described earlier controller is the main means of the communication between the 
units, without controllers it would be impossible to operate any device for dynamic 
operations with desired precision.  
In range extender vehicles there are mainly two controls, i.e. for propagation, drivers 
pedal demand is needed to be transferred to the desired traction motor torque, 
secondly to keep the vehicle going battery shall always have charge to provide the 
traction motor with power and also requires to have a charge above limit threshold. 
4.1.1 Traction motor controller 
In range extender it was already pointed out that electric motor is the main means 
that propagates vehicle, since driver is the main decision maker for vehicle speed and 
acceleration by accelerator pedal, it is important to transfer drivers demand to the 
traction motor torque demand.  
Common electric machine torque power graph was shown already in the  Figure 3.9, 
where it is seen that electric motors have high torque from small speeds to a limit 
speed and then starts decreasing, similar graph might be considered also during 
breaking with negative torque.  
During acceleration in the constant torque region drivers pedal position that is 
between 0 and 100 % might be converted linearly with a gain to 0 and maximum 
engine torque demand and for the speeds above the constant torque region the output 
torque might be limited by the motors maximum torque output  Figure 4.1. 
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Figure 4.1 : Pedal and EM relation, simple approach.  
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In the constant torque region since electric motors have high torque output from 
small speed this linear approach is not desired for starts of motion, i.e. it might create 
sudden jumps of vehicle and jerks due to drivers trial to control the vehicle. So in 
order to prevent this occurrence either driver might be warned, to smoothly use pedal 
during starts or drivers demand can be smoothed and limited during vehicle starts 
and then previously described linear transfer of pedal to torque demand might be 
applied. Even though the second approach seems more sensible it is not enough since 
there are safety cases where driver might need to act quickly in order to prevent an 
incident. So to have vehicle acting according to driver’s needs additional checks shall 
be performed and if necessary override suggested limitations on the accelerator pedal 
interpretation. Additional checks might be derivative of the accelerator pedal position 
and some threshold above which pedal shell is pressed  Figure 4.2. 
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Figure 4.2 : Pedal and EM relation, limited start off torque.  
In the constant power region where torque is decreasing applying torque limitation 
would result in unused region at high pedal positions and very sensitive responses for 
small travels in medium and low regions. Thus instead of applying limitation it 
would be more wise to apply transfer function between pedal and motors such as 
zero and maximum torque output at motors operating speed dynamically. This 
approach would eliminate insensitivity on the pedal and have direct correlation 
between driver’s demand and motors specs  Figure 4.3. 
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Figure 4.3 : Pedal and EM relation, limited start off torque and dynamic scaling.  
Up to now, only limitations due to electric motor and driver demand have been 
considered but another important effect also come from the bus voltage that is 
governed by the battery potential. Electric motor torque curve is obtained under the 
assumption that the bus voltage is constant and well above the minimum limit but 
batteries do not always provide output voltage constant but it varies by the SOC as 
explained in the battery section. Batteries have smaller potential output as SOC 
decreases so additional limitation comes from the battery when it has small output 
voltage additional torque output limitation is needed to be applied. This limitation is 
necessary both for preventing battery further being discharged at critical levels and 
keep the inverter below the physical limitations. Proposed approach is to scale torque 
output limit gradually as the bus voltage reduces that would warn driver about the 
charge state and give a chance to reach next charging station rather than sudden 
limitation that might cost considerable amount of time. The implemented bus voltage 
scaling on the limitation is shown in the  Figure 4.4. 
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Figure 4.4 : Pedal and EM relation, bus potential limitation.  
Electric motors ability to work both in motoring and generating mode allows them to 
collect some of the power normally dissipated over brakes as temperature. Similar 
approach has already been applied in heavy vehicles such as busses and trucks that in 
order to reduce brake utilization during slowing down, that requires large amount of 
power in heavy vehicles, retarder is employed. Retarder is small electric generator 
connected to wheels of the vehicle employed to dissipate some of the power over the 
resistor banks, reducing the utilization of the breaks and hence prolong their lives. 
Retarder is not automatically activated but by driver via an additional lever that has 
several levels of breaking while regular brakes are still available and are the size of 
regular brake that can stop completely loaded vehicle. With retarder energy is 
dissipated, but in the trains power is not dissipated but sent back to the transmission 
lines and made available for other near train that is accelerating hence reducing 
power demand.  
Normally electric motor can be used to completely stop vehicle and collect almost all 
spent power except losses, but due to safety and complexity of capturing power at 
low speeds they are only employed for a portion of breaking and more harsh 
breakings are handled using conventional breaks. This portion is defined by a percent 
value of break pedal travel i.e. a value between zero – Brake Threshold % and any 
value exceeding value Brake Threshold is sent as the desired pressure to the regular 
brakes. Combinations of all explained situations for pedal to electric motor torque 
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demand transfer is shown in the  Figure 4.5 where final implementation includes 
additional output for the break system. 
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Figure 4.5 : Accelerator pedal and electric motor relation.  
The desired torque in the electric motor is translated to desired direct and quadrature 
axis currents id and iq. As shown previously in order to increase efficiency desired 
direct axis current is set as zero while desired torque is transferred to desired 
quadrature current using a formula depending on the flux linkage and pole number of 
the electric motor.  
In the literature there are lots of studies and their results on control of PMSM using 
vector control. Fundamentally they depend on having reference inputs id and iq, then 
by the transformation from three phase currents actual id and iq currents are obtained 
and hence error signal is generated, by this approach required Vd and Vq voltages and 
hence reference three phase voltages are obtained necessary to have the desired 
reference values. In the  Figure 4.6 similar approach is shown where sliding mode 
controller (SMC) is utilized to control the machine. 
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Figure 4.6 : Vector controller of traction motor.  
As shown in the figure SMC is one of the many controllers that might be utilized for 
control, in this work due to their simplicities and simple implementation two PID 
type controllers are utilized to control id and iq currents. Initial utilization of such 
simple controllers also gives opportunity to reduce or solve easier possible errors in 
real applications that might incur in real applications, for further studies more 
advanced controllers might be implemented later easier once the initial trials are 
made.  
Another important aspect of the electric motor is control at high speeds, as explained 
earlier as speed increases to high levels due to high back EMF negative direct axis 
potential shall be applied in order to reduce back EMF and allow motor reach higher 
speeds. This type application results in reduced efficiency but allows reaching of 
higher speeds without requirement of higher terminal voltage at motor terminals than 
the bus’s available. Since the source of the requirement for negative direct axis 
voltage comes from the motor speed, it is suitable to choose reference direct axis 
current depending on speed. A lookup table depending on motor speed is 
implemented that has zero output for constant torque operation of the motor and as 
speed increases over this threshold reference direct axis current is reduced gradually 
in order to be able to reach high speeds with vehicle  [22]. Implemented controller for 
traction motor is shown in the  Figure 4.7. 
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Figure 4.7 : PID controller of traction motor.  
4.1.2 Battery controller 
Full electric vehicles are simpler in terms control compared to hybrid electric vehicle 
since along with traction controller and battery monitoring systems additional control 
structure for ICE and generator is needed. This obligation is reduced in the range 
extender applications since they tend to operate ICE at its best efficiency to charge 
battery rather than dynamic operation as in series and parallel hybrid applications. 
The range extender also differs from the series hybrid in application, while in range 
extender ICE is operated as singe or at most two points but in series hybrid 
depending on the need traction motor is sometimes driven directly from the ICE 
rather than battery and excess or missing power is used to charge or discharge 
battery.  
Considering the operation of ICE and generator motor at single point, again PID type 
controllers are preferred due to their ease of implementation and ability to control 
nonlinear systems successfully. ICE is controlled by the speed loop i.e. reference 
speed is tracked by the PID controlled while generator motor is fed by desired torque 
load signal that is similar in to the traction motor control except instead of being 
driven by drives torque demand load depending on the ICE’s output torque is 
provided.  
Since these two systems are coupled and both desired speed and torque set points are 
given it is possible to operate ICE in its most efficient region with small deviations 
due to external disturbances. It is possible to give desired torque load immediately by 
the electric motor but it should lag ICE torque until desired set point is reached 
otherwise ICE may not be able to start or stall. Electric motors capability of 
providing load torque as desired gives opportunity to force ICE follow any path in 
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speed torque surface as desired i.e. ICE might be left to reach desired speed and than 
load might be applied, or increase both torques at desired rate that would traverse 
high load region. As explained earlier form the ICE efficiency map, ICE is more 
efficient at high loads compared to low loads, so the load torque set point is given by 
a low pass filter, whose time constant is calibrated that ICE is allowed to reach start 
off speed and then load is applied to make ICE traverse more efficient region. 
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Figure 4.8 : ICE and Traction motor demand signals.  
As the main task of the range extender is to prevent battery from being over 
discharged, range extender applications and studies generally utilize the system by a 
simple hysteresis structure that monitors battery SOC and drive vehicle in full 
electric mode until it reaches critical limit. Once critical limit is reached charging 
starts until some upper threshold limit (commonly applied as ∆3-5%) and operates 
battery in this region, namely charge sustaining region, until battery is fully 
recharged from external charging source. An example of this application is shown in 
the  Figure 4.9, obtained from  [23], where vehicle is driven in all electric mode from 
full charge to limit charge. After the limit charge battery is operated in the charge 
sustaining region using the ICE and generator motor to keep battery above critic 
threshold. 
 
Figure 4.9 : Range extender charge sustaining.  
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Instead of this simple approach, a fuzzy type controller is suggested that decides on 
the ICE run times by observing battery SOC, driver average power demand and 
accordingly try to determine minimum running times in order to keep fuel 
consumption and consequently emissions at minimum level.  
The choice of SOC is mandatory since the application type is the range extender 
that’s main obligation is to keep battery from over discharging and the other input 
average power demand is chosen since it defines order of power consumption. 
Normally having high power demands will result in rapid discharging of battery that 
would result in faster SOH reduction and hence result reaching charge sustaining 
region much earlier as battery ages. Fast discharge would end up in several charge 
discharge cycles both reducing SOH and increasing fuel consumption due to several 
starts of ICE, so in order to prolong SOH and reduce fuel consumption in the long 
run ICE might be triggered earlier considering the power demand from the driver.  
There are two methods that can be applied for running ICE depending on the SOC 
and average power demand; the first method defines ICE run time between defined 
minimum and maximum run times and the second method decides if ICE shall be run 
or not. In the first method ICE run trigger is created by applying hysteresis structure 
on defined SOC limits and drivers average power demand,  Figure 4.10, while fuzzy 
controller is used to set ICE run time once it is started. 
  
a. SOC hysteresis b. Average power hysteresis 
Figure 4.10 : Hysteresis applied on SOC and average power.  
SOC 
ICE Run Time 
Low Medium High 
Low Short Short Short 
Medium Long Medium Short Power Demand 
High Long Long Long 
Table 4.1 : Fuzzy controller for defining ICE run time. 
SOCMin SOCThd 
High 
Low 
High 
Low 
PAvgLow PAvgHigh 
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Figure 4.11 : Defuzzification used to convert fuzzy response to a regular value.  
This method is plausible in terms of application but requires optimization of four 
parameters namely average power hysteresis activation and deactivation thresholds, 
SOC thresholds are already defined by the battery supplier, and fuzzy controller 
output minimum and maximum ICE run duration times. Having hysteresis on the 
average power demand is not necessary since fuzzy controller results in minimum 
ICE operation duration so even if the hysteresis results in off condition due to 
reduced power demand ICE will not be turned off until minimum time is satisfied. 
More over the term maximum ICE run duration has the meaning maximum allowed 
ICE run duration but in real application, it might correspond to an infinite value due 
to diminished SOC and driver’s power demand. Therefore, the hysteresis on the 
average power demand becomes an unnecessary term and the defuzzification from an 
infinite maximum run duration value is required to be handled differently. These 
observations results in second method that handles the issues in the first method. 
In the second method, fuzzy controller is used to define ICE run trigger, whose rule 
table is shown in the  Table 4.3 : , while minimum ICE run duration time is set as a 
parameter to be optimized according to cycle. 
SOC 
ICE Run 
Low Medium High 
Low On Off Off 
Medium On Off Off Power Demand 
High On On Off 
A new parameter is introduced i.e. minimum ICE off duration; the parameter forces 
ICE to be off for defined amount and hence tries to improve Ton/Toff ratio 
corresponding to engine run duration to engine off duration. The signal plot of the 
Table 4.2 : Fuzzy controller rule table. 
TICE,Min 
TICE,Max 
CtlMin CtlMax
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suggested minimum ICE run and stop duration can be seen in the  Figure 4.12. in the 
figure the top plot corresponds to the ICE run demand signal, second plot correspond 
to ICE running signal and final plot correspond to ICE min off time satisfied signal. 
 
Figure 4.12 : ICE minimum on and off time signals.  
In the figure the first high state of the ICE run demand signal ICE is started 
immediately since TMin,Off time is satisfied, but does not shut off with demand signal 
going to low state since desired TMin,On time is not satisfied. Than with the second 
high state of demand ICE is not started since TMin,Off is not satisfied. After TMin,Off 
time is satisfied the second peak was not taken into account since it diminished it self 
and the next high state is awaited for in order to stat engine as in the first high state 
was. With the last shown high state in the demand signal ICE is not started 
immediately but it waits for the TMin,Off to be satisfied and then ICE is started once 
TMin,Off is satisfied, while last high state duration is longer than the TMin,On ICE is run 
until the demand signal goes to low state. 
The off duration should be bypassed by previously described SOC hysteresis in order 
to prevent battery SOC fall below 30% and also average power demand minimum 
limit threshold above which discharge rate would lead to high degradation of battery. 
So additional control check is performed that would override minimum off duration 
as shown in  Table 4.3 :. 
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uRun 
ICE 
Q-1 TMin,Off 
Pavg High 
OR  
SOC Critic 
ICE 
Q 
0 0 - - 0 
0 - 1 0 1 1 - 0 
0 0 0 1 1 1 0 
1 - 1 
1 1 - - 1 
In the logic table that runs ICE, “uRun” column corresponds fuzzy controller run 
signal, “ICE Q-1” to the ICE current state (run/stall), “TMin,Off” if engine minimum 
off time is satisfied and “Pavg high or SOC critic“ correspond to critic situation due to 
battery state or demanded power that can degrade battery.  The critic condition is 
only considered when it is necessary to override minimum TMin,Off in case SOC is 
below the critic limit or demanded average power is too high so that ICE can start in 
order to prevent battery without considering the fuel consumption optimizations.  
Proposed controller is required to have discrete output that makes Sugeno type 
interface suitable for controllers rule table implementation, AND method is chosen to 
be product rather than minimum in order to reduce possibility of run demand signal 
since it is desired to force ICE to be as long as possible in off state. The 
defuzzification is chosen to be weighting average over weighting sum in order to 
have decision algorithm depending on the average of both input values. With the 
implementation of membership functions for inputs and defuzzification a surface in 
the  Figure 4.13 is obtained, where result of “1” corresponds to ICE run demand and 
other regions to off state. 
Table 4.3 : Logic for triggering and running ICE.
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Figure 4.13 : Fuzzy controller rule surface.  
The implementation of fuzzy controller to have boolean outputs is not very 
meaningful since their purpose is to have intermediate values and act accordingly as 
well rather acting as boolean controller. Implementation of such controller in real 
application also has risk due to rounding errors that might not result in perfect unity 
result and hence never start ICE that would make irreversible damage to battery or 
even make it unsafe. However, it is possible to use resulting surface as a lookup table 
values depending on the same SOC and average power demand. That way the risks 
due to rounding and computational effort needed in the fuzzy controller is avoided. 
The total implementation of  TMin,On, TMin,Off, override of TMin,Off in order to prevent 
fast degradation of SOH and proposed fuzzy controllers lookup table adaptation is 
shown in the  Figure 4.14. 
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Figure 4.14 : ICE run demand schematic.  
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4.2 Optimization 
4.2.1 Traction motor 
Electric machines, high torque output from low speeds and its negative effect on 
drivability especially during the initial start times has been defined and a solution by 
applying torque limitation during regular starts and unlimited limitation on sudden 
applications has been shown. The parameter optimization of these limitations will 
not be done here since it requires detailed vehicle model in order to understand all 
vibrations and jerks present in the vehicle. 
Electric machines back EMF limitation at high speeds, has already been mentioned 
i.e. since back EMF occurs due to the rotor speed and by sacrificing from the 
efficiency and reducing the id current it is possible to reach higher speeds.  In the 
controller design, an approach that can be used to handle high speeds has been 
implemented by including a lookup table that is dependent on motor speed and has 
output negative reference value for the direct axis current, so after threshold speed it 
is possible increase traction motor speed further with the cost of reduced efficiency.  
The estimation of limit speed is done at battery initial SOC level of 60% that is an 
intermediate value of the active used region of battery, drive cycle is set as first 
acceleration from 0 to 100km/h, then speed is increased gradually from 100 to 
125km/h since these speeds correspond to maximum speed limits on the highway. At 
the full load in order to increase iq current Vq is needed to be increased and hence 
terminal voltage is also increased, but due to limitations of the battery’s ability to 
provide very high bus voltages once terminal voltage reaches bus voltage it will 
remain at that level preventing motor from further acceleration. Another possibility is 
increasing final drive ratio that would also shift critical velocity to higher speeds but 
motors critical speed would remain. 
In the  Figure 4.15 the application of the load, corresponding voltages and motor 
speed and vehicle velocity are shown. In the first figure, it is seen that at 10th second 
the terminal voltage and bus voltage meet each other that leads to the halt of the 
system. It is evident that once eclectic motor reaches 2500 RPM the id current is 
needed to be decreased. 
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Figure 4.15 : Uncontrolled id current.  
Updating lookup table systematically finally motor is made capable to reach high 
speeds that would normally be impossible. A simulation result with updated table 
results is shown in the  Figure 4.16, where this time it is seen that vehicle is made 
able to reach velocity of 125km/h. Another notable phenomenon is the bus voltage in 
the first plot, where with the initial current drawn from the battery, the bus voltage is 
decreased, due to the internal resistance of the battery. As current is high the voltage 
drop over the internal resistance is high and in later sections since drawn current 
decreased the drop is not as big as it is in the initial section. 
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Figure 4.16 : Controlled id current.  
4.2.2 Battery controller 
The battery controller is responsible to monitor SOC of the battery and prevent it 
from falling below critical limit by starting ICE that would charge battery over a 
generator and try to optimize charging times so that SOH is affected at minimum. 
While battery controller tries to preserve battery it also has to keep fuel consumption 
at minimum that are contradicting task and hence it has to make tradeoff between the 
two.  
In order to achieve best economy ICE desired operating point is set as the most 
efficient region but there can be made further improvement by defining how engine 
starts i.e. first speed can be increased quickly and load can then be applied gradually 
or increasing speed and load as fast as possible. In order to be able to achieve desired 
path it is possible to adjust ICE speed controllers PID gains that would adjust the 
speed path and simple low pass filter is applied on the load torque applied to the 
generator whose time constant can be adjusted to set desired path on the load.  
Examining the ICE efficiency curve again it is expected to have better efficiency by 
starting ICE and applying load immediately so that ICE is operated in high load, low 
speed region where it is more efficient. After applying different strategies i.e. pass 
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through high speed low load region, where consumed fuel is 13.9mg  Figure 4.17 and 
high speed and load, where consumed fuel is 7.3mg  Figure 4.18 the result is found to 
be as expected, passing through efficient region results in smaller consumption. 
(Several other approaches have been also applied by prolonging/shortening times and 
pass through different region but only reasonable two are shown) 
 
Figure 4.17 : ICE start at low load.  
 
Figure 4.18 : ICE start at high load.  
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The next important task is definition of the trigger thresholds that provide run signal 
for ICE.  These triggers are; one main trigger, first defined as fuzzy controller and 
than switched to alternative lookup table method, and two safety triggers that 
override minimum engine off time, one depending on the battery SOC and the other 
on the average power demand of the driver. The calibration of main trigger shall be 
made proper in order to work in conjunction with safety triggers, if not calibrated 
correctly even though the safety signals are active, due to main trigger ICE being 
passive ICE not be started and hence degrade battery.  
The trigger thresholds depending on battery SOC is already defined by the supplier 
to be 30% SOC and sustaining region is the 5% band, these thresholds ends up with a 
hysteresis between 30% and 35% SOC.  
The threshold for average power demand is decided from power demand plot of the 
vehicle in NEDC. In the  Figure 4.19 simulation result of NEDC at high speed region 
with instantaneous power supplied to traction motor and its average is shown. At 
100km/h, a velocity considered acceptable, the necessary average power is seen to be 
20kW, the maximum average demand, at 120km/h, is seen to be 22kW so any 
average power demand exceeding this 20kW threshold can be considered as 
continuous high power requirement and allow ICE to start in order to support battery. 
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Figure 4.19 : Power demand at high speeds.  
After having the safety triggers adjusted, it is required to calibrate main trigger that 
will create final run demand signal. Its calibration is taken directly from the resulting 
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surface plot of the fuzzy controller that is defined by the fuzzy membership 
functions. The calibration is done so that when battery SOC is over 40% only in very 
high power demands that are close to the maximum electric motor limits ICE is 
triggered in order to protect battery degradation, around 35% SOC required power 
demand is still high compared to regular vehicle demand but reduces with the 
reducing SOC level. The threshold is set to zero at 30% meaning that no matter what 
ICE shell start below 30% SOC since battery is in the critical limits. Linear approach 
between 40% and 30% allows driver to reduce vehicle speed and hence demand 
power and discharging rate thus vehicle range is increased. This is useful especially 
if the driver is close to the destination, then driver can reduce speed that ICE is not 
triggered for short distances where it is not necessary to charge battery from ICE. 
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Figure 4.20 : ICE trigger depending on SOC and PAvg.  
The final step is to optimize ICE TMin,On and TMin,Off times of the ICE so that ICE is 
run for the optimal time amount and as well as not run unless really necessary. 
Unfortunately it is not easy to determine these parameters since they are very 
sensitive on the drive cycle and driver, and since real drive cycle is cant be known  
unless the GPS or similar device is used that can provide us with left distance and 
road conditions it is not possible to optimize these parameters. NEDC is used as the 
drive cycle since it is widely accepted. It is important at which discharge current rate, 
ICE supports battery i.e. supporting at high discharge rate will require longer 
charging rather than low discharge rates to reach desired SOC. So due to that fact  
battery will be started with two different initial SOC levels, that are 35% and 31%, in 
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order to support battery at low discharge and high discharge rates and then results 
will be compared to decide on the final values.  
Before employing a minimization algorithm in Matlab first effect of TMin,On and 
TMin,Off times on fuel consumption and number of ICE start-stops are plotted as a 
surface in order to get general insight and then optimization is performed around best 
surface. In the  Figure 4.21,  Figure 4.22,  Figure 4.23 and  Figure 4.24, the results for 
the fuel consumption and number of ICE start/stops on the same figure and resultant 
SOH at the end of NEDC using two different initial SOC levels are shown. 
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Figure 4.21 : Fuel consumption and number of ICE starts for initial SOC of 31%.  
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Figure 4.22 : SOH for initial SOC of 31%.  
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Figure 4.23 : Fuel consumption and number of ICE starts for initial SOC of 35%.  
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Figure 4.24 : SOH for initial SOC of 35%.  
From both results it is clear that for shorter TMin,On duration the fuel consumption is 
reduced and SOH is preserved better meaning ICE shall be operated for rather short 
durations. The effect of TMin,Off in initial 31% SOC is seen to have positive effect on 
fuel consumption as it prolongs, since vehicle is forced to operate in electric mode 
and hence have lesser ICE starts. However in the second simulation with initial 35% 
SOC, it is seen that prolonging the TMin,Off duration does not have same effect on 
consumption but as expected reduces the amount of ICE starts. 
From the obtained results further optimization is done with intermediate initial SOC 
and this time minimum search using nonlinear search in the small TMin,Off and 
intermediate TMin,Off durations. Since there are mainly three variables that are to be 
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optimized, a cost function that takes consumed fuel, number of ICE starts and SOH 
at the end of each simulation is employed. Since it is desired to have smaller 
consumption and ICE starts and higher SOH, a cost function combining them is 
defined. Because either minimization or maximization can be utilized the inverted 
SOH (1-SOH) value is used in order to have all values increasing as the parameters 
are worsened, finally a cost function in the Equation (4.1) is employed. The effect of 
ICE start number would be too high if directly applied thus instead function of start 
numbers is applied which slowly increases rather than rapidly. 
)()1(),,( #321# StartSOHfuelSOHStartFuel xAxAxAxxxf ×−⋅×⋅=  (4.1) 
Running the optimization with defined cost function in Matlab final values are found 
as shown in the  Figure 4.25. During optimization minimum times and their effect on 
fuel, ICE start and SOH values have similar trends as it was obtained in the previous 
step.  
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Figure 4.25 : Optimization Results.  
Obtained results now can be applied to range extender vehicle model and check the 
results. 
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4.3 Range Extender Vehicle Simulation Results 
After controller development and its optimization complete vehicle is simulated with 
obtained parameters. Vehicle is started with 90% initial battery SOC then total 
number of NEDC cycles that can be traveled in full electric region and additional 
two full cycles in charge sustaining mode is simulated,  Figure 4.26. The aim with 
additional two cycles is to be able to take the average fuel consumed when vehicle 
driven in charge sustaining region.  
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Figure 4.26 : Range Extender Simulation.  
In the first plot of the figure a reference NEDC velocity and vehicles ability to follow 
this speed is seen, combining the first and second plot when battery is started from 
90% SOC vehicle is able to go almost six NEDC cycles without need of ICE, that is 
around 65km full electric range. Close to and end of the sixth drive cycle ICE is 
triggered since vehicle was in the high velocity region that resulted in high power 
demand. 
The seventh and eighth drive cycle was driven in charge sustaining region where 
battery is charged depending on the driver demand power and battery SOC, during 
this drive cycle total consumed fuel amount is 699.35 grams. Thus if it is assumed 
that 700gr or 0.841L is required to travel 20km (2 NEDC cycles) distance in charge-
sustaining mode it can be obtained that vehicle has 4.2L/100km consumption. A 
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closer look at the charge-sustaining region is available in  Figure 4.27 with in first 
plot instead of velocity fuel consumption and average power demand and same 
second plot containing closer look at ICE run duration and SOC level. 
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Figure 4.27 : Charge Sustaining Region.  
It is seen that the first ICE run demand at the end of sixth cycle is due to high power 
demand and there are two demands at the end of seventh drive cycle where de rate of 
discharge increased du to high speed. In eighth cycle the last demand signal is very 
long since SOC decreased to critical level and there occurs continuous high power 
demand. The effect of last demand is also seen to increase fuel consumption more 
than other demands.   
The torque output of the ICE shall be leading the generator torque at the start 
moment and at steady state they should be same with opposite signs being 
mechanically coupled their speeds are same at all instants. The torque outputs and 
speed of ICE and the traction motor is shown in the  Figure 4.29, the speed of the 
traction motor is similar to NEDC cycle except small deviations due to slip between 
tire and road surface.  
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Figure 4.28 : Speed and Torques in Sustaining Region.  
In the  Figure 4.29 currents in the same cycle are shown, where generator current is 
zero most of the time and 170A during charging. The traction motor current is 
opposite of the battery current but not the same due to loss on the internal resistance. 
Additionally battery voltage is shown where it is seen to have rapid drops during 
high current demands of the traction motor and an added offset as much as an 
internal resistance of the battery during charging. This is due to the changed direction 
of the current flow in the battery that adds voltage over internal resistance to the open 
circuit voltage. Also during charging there are small ripples on the battery voltage 
that is due to the changing current flow in the traction motor and hence changing 
current flow into the battery. 
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Figure 4.29 : Currents in Sustaining Region.  
Another parameter that is to be examined is the SOH value, at the end of eighth drive 
cycle SOH resulted with 98.5 and at the end of sixth drive cycle; it is 98.6,  Figure 
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4.30. If values and graph is examined carefully, the rate of SOH drop is smaller when 
ICE is operated rather then in full electric region, it is expected region due to ICE 
being operated during high power demands and low SOC so preventing battery from 
being fast discharged. 
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Figure 4.30 : SOH and Average Power Demand.  
Final result is about the traction motor terminal and battery voltages,  Figure 4.31. 
Form the first plot it is seen that the battery voltage drops, as SOC decreases and that 
the terminal voltage is always smaller than the battery voltage as required for proper 
operation. In the second plot, the voltages on d and q axes that build the final 
terminal voltage are seen. The voltage on d axis is negative at higher speeds due to id 
reference current being dependent on the motor speed in order to be able to reach 
high speeds, thus vd voltage being negative and obtaining smaller terminal voltages. 
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Figure 4.31 : Traction Motor and Battery Voltages.  
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5.  CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
This thesis had explained the range extender vehicle  and its differences from already 
available series hybrid vehicle. Units necessary to construct a range extender vehicle 
had been explained and their mathematical models for the simulation purposes had 
been developed and implemented in the Simulink Matlab environment.  
Main control function of all units had been developed with the most consideration 
being paid to the control of traction motor and strategy to drive internal combustion 
engine and generator motor that are to keep battery in proper operating range while 
trying to maintain least consumption. 
Two different approaches have been proposed for driving engine and generator and 
due to tough optimization and operation of the first approach the second is chosen as 
the function to be implemented 
Developed functions have been placed under main control unit that observes states of 
the all units in the system and drivers velocity demand and calculates necessary 
control signals according to developed algorithm.  
An optimization of the control function parameters have been done by employing a 
cost function that takes fuel consumption, state of health of battery and number of 
engine starts in NEDC cycle. 
Finally simulation results of the developed vehicle model and control functions have 
been demonstrated and functions ability to drive vehicle successfully in widely 
accepted NEDC cycle.  
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5.2 Future Work 
The work that have been done in this thesis is the function development and its 
simulation, the next step is testing of the functions in an actual vehicle with range 
extender setup and observe results. 
Since the optimizations have been done using the NEDC cycle it is suggested to 
develop an adaptive methods that will optimize necessary parameters in real time 
according to actual drive cycle.  
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